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和文概要  
 
	 近年、 200-285nm 波長帯の AlxGa1-xN ベースの深紫外発光ダイオード 
（UVLED）は医療、光センサー、水の浄化殺菌等広範囲の応用に向け、盛んに
研究開発が行われている。この AlxGa1-xN ベース UVLED は一般にサファイア
基板、 または高価な AlN 基板上に有機金属気相成長法(MOVPE)で作成される
が、性能向上のカギは結晶欠陥密度と抵抗値の低減にある。この解決手法とし
て、縦型構造 UVLED は直列抵抗、電流集中の低減と光取り出し効率の向上と
いう従来型横型 UVLED と比較して優れた特性を具現化が可能であることより
大いに有望視されている。 
	 本論文では、この縦型構造 UVLED の具現化のために、レーザーリフトオフ
技術（LLO）という高出力 UV レーザーを用いた基板剥離技術に注目した。ま
た前述の優れた特性以外に、縦型構造 UVLED は金属等の熱伝導性の高い基板
を接合することにより、熱に起因する問題、例えば電流集中や大きいヒートシ
ンクとして悪影響を及ぼす熱抵抗を緩和することが可能になる。しかし一方で
LLO には結晶性劣化、ウエハ表面のクラック発生という問題点も GaN ベース
デバイスにおいて多数報告されている。また GaN ベースデバイスとは異なり、
AlxGa1-xN ベース UVLED は UV レーザーに対して透明であり、剥離のために
レーザーを吸収させる犠牲層が必要になるが、これがしばし結晶性劣化を引き
起こす。 このような状況下、UVLED に対する LLO の他の報告はある中で、
本論文では世界で初の試みである短周期超格子(SLS)を用いた LLO を報告する。 
	 この実験において、UVLED はサファイア基板上に低圧横型 MOVPE 反応炉
で成膜した。代表的な成長パラメータは反応炉圧力 14 kpa 成長温度 1200 ℃で
ある。成長構造は  サファア基板 /200 nm undoped-AlN/250nm undoped 
-Al0.7Ga0.3N/20 ペア GaN/ Al0.7Ga0.3N (2/5 nm) 超格子  (SLS) /250nm 
undoped -Al0.7Ga0.3N である。このように短周期 SLS を UV レーザー吸収させ
る犠牲層とすることで、デバイス動作層をサファイア基板から剥離する LLO を
具現化することが可能となった。また LLO 前に、SLS の存在は X 線回折で確
認した。次に成長したエピウエハーの成長表面に 100 nm 厚の銅合金で形成す
る金属基板を貼り付ける工程を行った。その後、ウエハには LLO プロセスが実
行された。ここでドーセージが 1 J/cm2 の KrF 248nm laser がサファイア基板
側から照射され、アブレーションが完了した。その後の検査工程として、光顕
微鏡による剥離面での欠陥観察により、大きい欠陥がないことを確認し、HCl
を用いた LLO による残留金属ドロップの除去を行った。また走査型電子顕微鏡
の表面観察より、デバイス動作領域を想定した剥離後ウエハ表面の AlxGa1-xN
層にダメージがないことを確認した。またエネルギー分散型 X 線分光により
AlN が剥離したサファイア基板上に存在しているのを確認したことで最終的に
この材料系でサファイア基板や AlN 基板上のエピ層の LLO が可能であること
を証明した。次に前述の構造の上に、5 ペアの Al0.55Ga0.45N/Al0.7Ga0.3N 
MQW/p-Al0.8Ga0.2N 電子障壁層/P-AlGaN の構造を付加し, 265-285 nm の
UVCLED 構造を試作した。結果としては従来の横型構造 LED では UVC 発光
を確認できたが、LLO による縦型構造では発光確認には至らず､更なる研究が必
要という状況になった｡ しかしながら透過電子顕微鏡による断面観察では、
SLS 層中の 1 層の GaN がアブレーションされ剥離が行われていること、さらに
MQW へのダメージ等は観察されなかった。一方で SIMS の観察では LED 側面
に Cu 汚染が観察され、これが LLO による縦型構造の不発光の原因であること
が示唆された。これらの結果により、	 SLS を犠牲層とする LLO による縦型構
造で可能な量産へのコストダウンと性能向上が大いに期待でき、これが市場の
増大を加速することは明らかである。 
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Abstract 
Metal organic vapor phase epitaxy (MOVPE) growth and laser lift-off (LLO) process 
of UVC material systems for in use of fabrication of III-nitride vertical UVC LEDs are studied.  
This study demonstrates that LLO can be achieved using GaN/AlXGa1-XN based strained 
superlattice layers to enable fabrication of vertical UVC LEDs in the future. As part of this 
study, a review of current work on DUV LLO, UVC LLO processing and challenges, and 
MOVPE growth of UVC material systems are discussed. Experimental results demonstrating 
full 2” wafer LLO are presented in detail. 
Growth of III-V nitride UVC material systems is quite challenging, making growth 
optimizations necessary starting with tool and growth method selection. Comparing several 
types of reactors, a horizontal flow reactor with low rotation speed demonstrated the best 
thickness uniformity of 8.2%. Pulsed growth at 1100ºC and 10 kPa with high V/III ratio was 
selected, due to demonstrating the highest growth rate and crystal quality. FWHMs of (0002) 
and (10-12) are 309.6 and 617 arcsec, respectively, in this growth.  
Laser etch rate, using a 248 nm KrF laser dosage of 1 J/cm2 and 38 ns pulse width, was 
determined to be 10nm per burst on GaN. A 20 pair GaN/Al0.7Ga0.3N (2/5 nm) strained layer 
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superlattice was employed to absorb the UV laser during the LLO process and suppress the 
dislocations from climbing to the UVC LED epitaxial structure. 2 nm thick GaN layers were 
grown and sandwiched between Al0.7Ga0.3N to try to compensate for strain to match the lattice 
parameters of the n-Al0.7Ga0.3N. No crystal degradation occurred as a result of the introduction 
of the SLS into various epitaxial structures as confirmed by scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) analysis. Furthermore, there is no evidence of cracking or 
damage observed as a result of LLO processing, as confirmed by SEM and transmission 
electron microscopy (TEM) analysis. 
Lateral LED devices using wafers grown with the SLS exhibited 252, 258 and 266nm 
emission, confirming that the superlattice will not inhibit the ability to grow UVC LEDs. 
Vertical device emission was not observed and may be caused by the heating at the metal 
interface causing delamination or copper migration shorting the LED device as shown by 
secondary ion mass spectroscopy (SIMS) analysis. If the n-layers are increased to 
approximately 2 µm, catastrophic heating could be avoided. Side wall passivation could be 
employed to prevent migration and shorting caused by the copper. 
Successful growth of UVC LED structure and LLO of a 2” sapphire substrate was 
accomplished without any cracking or use of UVC incompatible materials. Growth of a high-
quality UVC LED epitaxy was confirmed by x-ray diffraction and transmission electron 
microscopy (TEM) analysis. TEM also revealed a single pair of the GaN/ Al0.7Ga0.3N SLS was 
sufficient to allow LLO without damage to the MQW. These achievements represent a 
significant step in the volume of knowledge to help achieve vertical UVC LEDs fabrication it 
is an early work capable of demonstrating full wafer LLO of a UVC based material system.  
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Chapter 1: Introduction and Background 
There are numerous applications where ultraviolet C (UVC) radiation, defined as 
wavelengths from 100-280nm, is promising. Due to limitations in available sources, adoption 
of UVC has not been widespread outside of specific industrial and medical applications. Most 
commercially available UVC devices are very inefficient; often requiring large amounts of 
energy, but generating significant amounts of heat and emitting a broad range of wavelengths 
making them inappropriate for applications where selectivity or heat sensitivity is an issue. 
Conventional UVC sources also require a significant period of time to reach their full output 
and spectrum. Recently, UVC LED devices have been available in limited supply. These 
devices are highly desirable because they can be designed into arrays for specific applications 
by wavelength. UVC LEDs are very compact, use little energy, generate little heat, and are a 
solid-state lighting source of UVC radiation. UVC LEDs are instantly available on demand 
making them ideal for addressing the shortcomings of conventional UVC sources for 
treatments such as wastewater, communications, or medical sterilization. These devices 
currently have limited use because they are often low light output, driven at low currents, and 
are very expensive. These shortcomings make mass market adoption for consumer and 
industrial applications limited. To help improve on these issues, a vertical UVC LED would be 
beneficial. 
This work is a study on MOVPE growth and laser lift-off process for fabrication of III-
nitride vertical UVC LEDs. The aim of this work is to determine if it is possible to conduct 
laser lift-off (LLO) processing on a wafer level with UVC based structures for the use in the 
fabrication of vertical UVC LEDs. This dissertation will include a brief introduction and 
background, an overview and discussion of the laser lift-off process, discussion of MOVPE 
growth and development of the material system used to enable LLO for UVC based material 
systems, and finally a conclusion and outlook of the technology. 
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1.1 Vertical UVC LEDs 
Vertical UVC LEDs are a target for many LED makers today because they can 
overcome many of the limitations of the lateral and flip chip devices. Fig. 1.1 (a), (b), and (c) 
show typical examples of such devices.  
 
Figure 1.1 Schematic diagrams of a (a) traditional lateral LED, (b) flip chip LED, and (c) 
vertical LED. The arrows represent the direction of emission. 
 
In all these structures, the p-side of the device is a major limiting factor because p-side materials 
are typically comprised of p-GaN or low Al concentration p-AlXGa1-XN. The bandgap of these 
materials are relatively narrow, typically ranging from 3.4 eV for p-GaN up to 3.796 eV for p-
Al0.2Ga0.8N, which would absorb wavelengths below 365 and 326 nm respectively. Effectively 
blocking all UVC radiation from escaping these layers. The LED structure selected for 
fabrication can help to mitigate the absorption by the p-layers by maximizing the emission 
from the n-side of the device. For UVC LEDs, this material is often n-Al0.7Ga0.3N, with 
bandgap as low as 5 eV. This layer allows for wavelengths longer than 247 nm to escape the 
LED. Lateral LEDs structures suffer the greatest losses in light output as the substrate layer is 
the most transparent to UVC wavelengths in these devices, but the substrate surface is 
completely covered with bonding agents to allow bonding to a carrier substrate when the device 
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is packaged. In this situation, UVC radiation can only escape through the sidewalls of the LED 
and areas of the n-side that are not covered in metal. This greatly reducing external quantum 
efficacy (EQE) in UVC devices. Flip chip devices overcome this by flipping the substrate away 
from the carrier substrate and allowing radiation to escape from the sidewalls and chip substrate 
surface, but emission through the n-contact is no longer possible because it is bonded to the 
carrier substrate. Flip chips are a major improvement on the EQE of the lateral devices, but flip 
chips often suffer from the same device issues, such as current crowding and self-heating, often 
found in lateral LEDs. In essence, flip chip LEDs are still essentially lateral LEDs. Flip chip 
LEDs are typically more complex, expensive to manufacture, and difficult to package than 
lateral LEDs. Fig. 1.1 (c) represents a vertical LED. This type of LED is the most difficult to 
develop but has a wide array of benefits. Like the flip-chip, the entire surface is able to emit 
photons. The structure of the vertical device allows for superior heat dissipation, more efficient 
current spreading, better thermal stability, better lifetimes, and often better performance and 
reliability. The advantages of vertical LEDs is granted, in part, to the way current flows through 
the device. This is granted by the enhanced current spreading and reduced series resistance 
often associated with a vertical device. [1] 
Fig. 1.2 (a) and (b) shows the current paths for a vertical device compared to the lateral 
device. In a vertical LED, current can go straight from contact to contact freely, reducing 
current crowding and self-heating resulting from such an interaction. [1-4] Furthermore, due to 
total internal reflection from the material interfaces as well as absorption by substrate 
impurities, some of the UVC radiation absorbed by the device. This absorption further reduces 
the output and efficacy of the lateral and flip chip devices. Vertical UVC LEDs however, would 
not have the substrate interaction as it has been removed, and the entire n-plane and sidewalls 
can output UVC radiation. Additionally, the p-side could be kept thin to prevent as much 
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absorption as possible, allowing the light to reflect out the LED by utilizing a mirror-like 
reflective layer as shown in Fig 1.2 (b).  
 
Figure 1.2 Schematic diagrams of the current path through (a) a traditional lateral LED or flip chip 
LED and (b) a vertical LED. The arrows represent the direction of the current. 
 
Vertical UVC LEDs are a major step forward in the development of UVC LED 
technology as they overcome many issues that plague the lateral chips both optically and 
electrically. These issues include problems related to self-heating, high series resistance, high 
forward voltage, and lower lifetimes. These devices, however, are complex and difficult to 
manufacture. While vertical UVC LEDs can be more challenging and expensive to 
manufacture than lateral and flip chip style LEDs, they allow for more advanced thermal and 
light extraction designs that help improve performance and efficacy. [1-11]  
1.2 Current Body of Work on LLO Processing of Deep UV III-V Nitrides 
Today, most work in UVC LED research is orientated around the improvement of 
internal quantum efficacy (IQE) and EQE as this is a direct path to market, as most UVC LEDs 
are rather low in performance and efficiency. Currently, there is no available vertical UVC 
LED, or substrate lifted UVC LEDs on the market for purchase today. [1] The body of work 
surrounding the topic of LLO or substrate lifted deep UV (DUV) and UVC LEDs is rather 
limited. Most groups working on this topic have only achieved successful laser lift-off ( LLO) 
on wavelengths ≥ 280 nm making them DUV, but not UVC LEDs. [2-8, 12-14] DUV encompasses 
a broad band of wavelengths ranging from 100-365 nm. Much of the DUV research related to 
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vertical LEDs have been focusing on material systems for UVB LEDs, wavelengths from 
>280-315 nm. UVC LEDs, wavelengths ranging from 100 – 280 nm, have been tough for 
vertical LED development. LLO is difficult due to the lack of commercially available lasers 
with significant enough energy to disassociate the atoms found in AlN.  
Unlike blue and UVA/B devices, which often use GaN or low Al concentration AlXGa1-
XN as buffer layers between the sapphire and the device structure, UVC devices use AlN or 
high Al concentration AlXGa1-XN buffer layers. UVC LEDs require the addition of a sacrificial 
film to absorb the laser energy while blue and UVA/B LEDs do not. The addition of these 
sacrificial films is typically in the form of GaN or low Al concentration AlXGa1-XN. The 
addition of these films can be problematic as it can cause cracking and decreased crystal quality 
when inserted into UVC LED structures. Furthermore, if these sacrificial materials do not get 
removed, they would absorb the entirety of the UVC emission from the device.  
 Traditionally, LLO is performed using a DUV lasers with wavelengths ranging from 
193- 355 nm. These lasers usually able to deliver enough energy at target to decompose GaN 
and low Al concentration AlXGa1-XN, but start to experience problems as the composition of 
Al approaches AlN. These problems can often result in a poor quality lift off (cracked surfaces) 
and require special measures such as using underfills or special epitaxial structures to help 
compensate for stress induced by LLO. [2, 6-8, 12, 14] As such, there is a limit based on the current 
technology of what materials can be used for LLO today. Using an underfill is a well-known 
method to compensate for the stress induced by LLO. Unfortunately, most of these materials 
are incompatible with UVC radiation. They are known to age poorly, exhibiting yellowing, 
cracking, decomposition, and embrittlement with exposure to UVC radiation, thus making 
them inappropriate for use in UVC technologies. There are other complications involved with 
the LLO of AlXGa1-XN based films related to Al droplet formation resulting from thermal 
decomposition, which are discussed later in this work. 
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 Several groups have worked on systems to try to enable LLO for DUV LEDs such as 
Ueda et al., Zhou et al., and Kawasaki et al. by using GaN layers as sacrificial films for LLO 
with DUV materials. Ueda et al., used 0.3 µm GaN layer, to lift off Al0.11Ga0.89N using a 355 
nm Nd: YAG laser. This work was the first demonstration where AlXGa1-XN had been substrate 
lifted. There was no recorded attempt to go to a higher Al concentration AlXGa1-XN, and they 
had to use epoxy underfill to assist with LLO. [12] Similarly, Zhou et al. used template GaN on 
sapphire to do similar work with an undisclosed laser. In their work, they were able to 
demonstrate emission in 325 and 280 nm. The power of the 280 nm LED dropped 
approximately 20X when compared to the 325 nm LED. [5] This reduction in power output is 
partially related to the lower wavelength, but given the magnitude of the drop, the performance 
drop is most likely related to crystal quality degradation given the significant mismatch 
between GaN and their low-temperature AlN buffer layer. [2, 15,16] Kawasaki et al. used a thin 
100 nm GaN layer prior to growing the rest of their structure. This work was largely successful 
and did not require epoxy. To accomplish this, the used two sets of strained superlattice 
separated by a 2.4 µm Al0.32Ga0.68N to compensate for the stress and subsequent decay in 
crystal quality introduced by their GaN layer. [3] This added strain management material would 
mean approximately 3 µm dry etch process would be required to manufacture this device and 
several extra hours of growth. Their work never showed evidence that the system would work 
with devices below emitting below 322 nm and his colleague Takeuchi et al. commented that 
it was not compatible with a system with Al concentration greater than 40%. [6] Their devices 
demonstrated turn on voltage for both lateral and vertical devices to be 4V, the vertical device 
performance was superior to that of the lateral device. In the vertical device, the normalized 
differential conductance is 5x that of the lateral device, owing to the reduced serial resistance 
in the vertical device. Likewise, EL would show that there is a significant color shift in emission 
on the lateral device not present in the vertical device, this can be attributed to the large serial 
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resistance, current crowding, and heating at the emission site on the lateral device. A 
reproduction of the I-V and EL-current density graphs from this work are shown in Fig. 1.3 (a) 
and (b) respectively. [3]  
 
Figure 1.3 (a) I-V characteristic plot and (b) EL-current density plot comparing emission 
wavelength by current density for both lateral and vertical LEDs [3]. 
 
 Five other groups, three of which are from the prestigious groups working with Asif 
Khan and the University of South Carolina, developed different approaches to DUV LLO by 
employing AlXGa1-XN based systems. First in 2008, Takeuchi et al., associated with Kawasaki 
et al., used a 200 period SLS comprised of AlN/Al0.22Ga0.78N, which was one of the first 
systems consisting of AlXGa1-XN based superlattice for LLO in DUV applications. This group 
was able to demonstrate lift off of materials up to Al0.45Ga0.55N using a 266 nm laser. They 
were not able to get vertical emission but found that they were able to get emission down to 
281 nm in the lateral device configuration. More notably, they were able to demonstrate that 
introduction of low Al concentration AlXGa1-XN has a negative side effect. Al droplet residues 
left on the device surface is rigid and cause sticking of different material layers. During 
separation, mechanical damage is induced into the system causing cracking. [6] They also noted 
they were not successful with using their GaN system with AlXGa1-XN materials with the 
composition of Al >40%. [3,6] Aoshima et al. used a system without an SLS, but used a similar 
Al concentration of Al0.25Ga0.75N in a 4 µm thick bulk layer. They were able to lift off the 
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substrate with the assistance of an epoxy underfill but showed no emission in the UVC range. 
They demonstrated electroluminescence emission down to 343 nm. They did not report any Al 
related cracking or problems, however, if they had experienced any Al droplet related issues, 
they would be removed by the dry etch and hidden after the KOH etching because the thickness 
of the epilayers they were using provides a margin of process safety. [14] Finally, the next three 
groups associated with Asif Khan, have different approaches but details of their work are not 
clear or omitted. In an early work that mentioned vertical DUV LEDs, Adivarahan et al. 
demonstrated successful lift off and emission at 280 nm by utilizing ten pairs of 
AlN/Al0.8Ga0.2N as a sacrificial film. No other details on how this was accomplished are given. 
They demonstrated that the vertical device had better lifetimes, lower serial resistance (7 and 
23 Ω respectively), and could sustain significantly more injection current than lateral devices 
fabricated from the same wafer. [2] This system would be interesting for use in vertical UVC 
development if the lasers with sufficient energy to successfully ablate AlN/Al0.8Ga0.2N were 
readily available. Finding such a laser has proven challenging and unreliable by the author’s 
research group and research partners. [17] Asif et al., later demonstrated lateral substrate lifted 
DUV LEDs operating at 285 nm. Again, very few details are given. This time, they were able 
to show pixel lift-off technology. They lift off several small devices connected to each other 
acting as one larger chip array. No details on how lift off was achieved other than that epoxy 
underfill was required for substrate lift-off and that a strained superlattice of AlN/AlGaN (no 
composition) were offered. [13] Earlier work by the same group in 2011, utilized another novel 
method of LLO but was not practical for mass production due to costs associated with growing 
10 µm thick pulsed lateral overgrowth (PLOG) templates. As usual, the details are sparse. This 
work is the first demonstration of an LLO UVC flip chip (lateral) LED. Hwang et al. 
demonstrated a substrate free flip chip emitting at 276 nm utilizing PLOG on striped patterned 
sapphire substrates. Using LLO to remove the substrate, they were able to achieve lateral 
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emission. It is evident from the emission picture shown in Fig 1.4 (a) the device is damaged in 
some way and Fig 1.4 (b) indicates that some sort of underfill was used, but very few details 
are given in their work. They reported that they believe there were significant emission losses 
directly related to the air pockets and thickness of the PLOG templates. Light extraction seemed 
to improve once the PLOG surface was thinned down. It is not clear where LLO took place on 
this device from their report, however, given that they needed to thin the PLOG layer, it would 
suggest they were able to lift off using AlN layers. [8] It is in the author’s experience that with 
current industrial lasers, it is quite difficult to conduct successful LLO on AlN materials. Their 
achievement is quite impressive. 
 
Figure 1.4 (a) Emission pattern of a single substrate free flip chip (SFFC) LED with incomplete 
emission pattern and (b) a 2x2 SFFC LED array showing some type of underfill being used. [8] 
 
1.3 Conclusion  
The works discussed in this chapter, encompass the bulk of the work that has been done 
on vertical or substrate free DUV LEDs. Collectively they demonstrate that little work has been 
done to develop vertical DUV LEDs, and even less work has been dedicated to vertical UVC 
LEDs or material systems that would enable them. These groups had to develop novel methods 
to achieve LLO in the DUV range, and most were unsuccessful in growing material compatible 
with UVC LEDs. Even without UVC emission present, many of these groups needed the 
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assistance of epoxy to conduct LLO processing safely. Epoxy is a material well documented to 
not be compatible with UVC radiation because it tends to yellow, embrittle, then crack when 
exposed to UVC energy. Furthermore, in severe cases, it will completely absorb the UVC 
radiation. Most of these systems are not mass producible and only been shown to be compatible 
down to wavelengths greater than 280 nm. 
In this work, I will detail the study of growth and laser lift-off process for use in the 
fabrication of vertical UVC LEDs by expanding on this knowledge presented here. Taking a 
novel approach that combines learning from these earlier works, and developing a simple 
system that requires no epoxy or additional processing not already employed in the fabrication 
of vertical LED devices in mass production today.  I will demonstrate growth and full 2” wafer 
LLO of a UVC based structure without cracks or significant degradation of crystal quality by 
utilizing a GaN/Al0.7Ga0.3N strained superlattice system (SLS) to maintain crystal quality and 
serve as a sacrificial film for LLO. The successful substrate lift-off will be without the aid of 
materials such as epoxy. Results confirmed with scanning electron microscopy (SEM), X-ray 
diffraction (XRD), and transmission electron microscopy (TEM) prove that there is no cracking 
or crystal degradation related to the of insertion of the SLS or LLO processing. Vertical 
emission was not achieved in this work. However, it is demonstrated that lateral devices using 
the SLS system still emit in the UVC range from 252-266 nm on multiple wafers. This proves 
that the system is compatible with UVC LEDs and does not introduce significant defects that 
may inhibit emission. Secondary ion mass spectroscopy (SIMS) analysis revealed that copper 
migration from a lack of sidewall passivation and vertical structure optimization might have 
caused the lack of emission from the vertical device and are not related to the LLO process or 
SLS structure.  
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Chapter 2: The Laser Lift-Off Process 
Laser lift-off (LLO) is a method which employs a laser to lift off a material system from 
another material selectively. This type of lift-off method is quite common in the semiconductor 
industry and has been used in the fabrication of vertical LEDs in the UVA, violet, blue, and 
green spectra for over a decade in mass production. There are still a lot of optimizations and 
processes that need to be done to ensure successful lift off of a UVC LED. In this section, LLO 
for GaN is discussed. 
2.1 Laser Lift-Off Mechanism 
 LLO is a complicated process that requires two ingredients to be used in LED 
processing successfully: energy and selectivity. The energy is provided by a laser beam to 
encourage thermal disassociation, and selectivity is a function of a material’s band gap energy 
and absorption coefficient allowing selection of specific interfaces for separation.  
2.1.1 Energy 
 LLO is a thermal disassociation reaction, where thermal energy provided by a laser 
causing the molecules at the target to disassociate into various substances. The LLO process is 
dependent on this disassociation reaction to separate the III-nitride species from sapphire. 
Sapphire, wurtzite aluminum nitride, and wurtzite gallium nitride have bond energies of 17.35, 
11.52, and 8.92 eV/atom respectively. These strong bonds make these materials thermally and 
chemically stable with very high melting points. [1-3] The material properties of these materials 
are shown in Table 2.1.  
Table 2.1 Material properties for Sapphire, AlN, and GaN. [1-7] 
Material 
Bond Energy 
(eV/atom) 
Melting Point 
(K) 
Bandgap 
(eV) 
Sapphire 17.35[1] 2980[1] 9.9[4] 
AlN 11.52[2] 3487[3] 6.2-6.25[5,6] 
GaN 8.92[2] 2791[3] 3.4-3.51[5,7] 
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The strength of these bonds makes disassociation of sapphire and AlN atoms quite challenging. 
However, GaN is significantly easier to disassociate because it has lower bond energy. GaN is 
decomposed and formed according to the following the chemical equation: 
GaN(s)↔ Ga(l)+N2(g)    (2-1) 
Fig. 2.1 illustrates a plot of Gibbs free energies of GaN and its constituents as a function of 
temperature and pressure.  
 
Figure 2.1 Gibbs free energy of GaN(s) and Ga(l) + 1 2⁄ N2(g) as a function of pressure and 
temperature. [3] 
 
The N2 molecule has a bond energy of 4.9 eV/atom making Ga and N2 in their normal 
free energy state similar to that of the GaN crystal. The free energies of these two constituents 
decrease rapidly as temperature increases. GaN solid must, to a lesser degree, also decrease in 
free energy as temperatures increase, however, the change is less significant than its 
constituents. More importunately, GaN begins to become thermodynamically unstable at 
elevated temperatures, and disassociation can become spontaneous. As the free energy of Ga 
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+ 
1
2
N2 approach that of the solid material and crosses G(T) curve of the GaN(s), thermodynamic 
equilibrium is reached. It is at thermodynamic equilibrium, where GaN coexists with its 
constituents at a given N2 pressure. In Fig. 2.1, this occurs when the free energy of the GaN(s) 
intersect with the free energy of its constituents at various pressures. [3] During thermodynamic 
equilibria, the reaction kinetics neither favor formation or disassociation of the GaN(s) and its 
components. The addition of energy, such as thermal energy from a laser, can drive the reaction 
kinetics to favor thermal disassociation. The addition of pressure to the system, causes the 
equilibrium to shift to higher temperature required to drive the reactions, thus favoring the 
stability of the GaN solid. Like many materials, GaN(s) becomes less thermodynamically 
stable at elevated temperatures allowing reactions to occur. GaN’s instability at higher 
temperatures, allows the addition of energy by a laser to decompose GaN into Ga + 
1
2
N2. 
Similarly, nitrogen can be incorporated into GaN solid during MOVPE growth by manipulation 
of pressure and temperature to favor formation. [3] During LLO, the temperatures at the reaction 
site are high, and the reaction then begins to favor spontaneous disassociation of GaN into its 
constituents, Ga and N2 (>1000°C at 1 bar). 
Karpinski et al. plotted the N2 partial pressure experimentally as a function of GaN 
temperatures shown in Fig 2.2. [8]  
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Figure 2.2 Partial pressure of N2 as a function of GaN temperature. [8] 
 
Wong et al. reported that the critical temperature for decomposition is between 900-1000°C 
during the LLO process, which can be confirmed with Karpinski et al.’s findings. [8-10] From 
Figure 2.2 by Karpinski et al., at 900-1000°C (1173-1273K), disassociation into Ga and N2 is 
favored over GaN(s) at atmospheric pressure. Referring to Fig. 2.1, this is approximately the 
range (900-1000°C) where thermodynamic equilibrium for the dissociation reaction exists at 1 
bar. Adding additional energy can push forward the reaction allowing GaN to disassociate into 
Ga(l) and 
1
2
N2(g). In the case of LLO, heat generated is over 1000°C from lasers with a fluence 
lower than 1 J/cm2 at 248 nm as reported by Wong et al. [9,10] 1 J/cm2 is common in the industry 
for ensuring a margin of process safety. Thus the temperature at the absorption interface can 
be higher than 1000°C and well beyond the equilibrium point. The disassociation of the GaN 
is a result of the high-energy photons from a UV excimer laser providing the extra energy 
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required to ensure that the disassociation reaction continues forward. According to Su et al., 
this occurs because the photons from the laser are of high enough energy to excite electrons (1 
photon per electron) across the bandgap with excess energy up to 1.6 eV causing the system to 
leave equilibrium and become highly unstable. These excited electrons equilibrate throughout 
the system by electron-electron scattering causing self-thermalization of the material. The 
electron gas or plasma transfers the excess energy to the lattice generating phonons. Electron-
phonon interactions cause the lattice to thermalize further. At sufficient quantities, electron and 
phonon collisions can add the required extra energy to cause thermal disassociation. A diagram 
of the photon excitation of electrons and carrier-phonon interaction is depicted in Fig. 2.3. [4] 
 
Fig. 2.3 Diagram of photon excitation of electrons from the valence to the conduction band and the 
subsequent carrier-phonon interaction during LLO. [4] 
 
The following chemical equation expresses this relationship of thermal and photonic energies 
during the LLO process: 
GaN + hv(248nm) + heat  Ga + 
1
2
N2(g)   (2.2) 
2.1.2 Selectivity 
For LLO to be useful, there needs to be selectivity in materials. Otherwise, it would not 
be an ideal technique for separation of two dissimilar materials. In the case of GaN-sapphire 
material systems used for LLO, selectivity is enabled by the transparency of the sapphire to the 
laser energy. The attenuation or extinction coefficient is a physical property that is related to 
how easily a material can be penetrated by energy and matter. The attenuation coefficient is 
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useful for determining the transparency of a material to a specific wavelength of light. In 
general, the transparency of a material to a wavelength of light is related to the absorption 
coefficient. When the absorption coefficient is low, absorption is low assuming the film is thin 
enough to allow transmission. A high absorption coefficient would indicate strong absorption 
of the wavelength through the material. The relationship between the absorption coefficient 
and the attenuation coefficient is shown in Equation 2.3.  
        𝛼 =
4𝜋𝜅
𝜆
                                          (2.3) 
In Equation 2.3, 𝛼 is the absorption coefficient, 𝜅 is the attenuation/extinctiction coefficient, 
and 𝜆 is wavelength. Using this information, many types of UV-Vis absorption spectra can be 
plotted. An example of such a plot was given by Muth et al. in Fig. 2.4; the absorption 
coefficient is plotted as a function of photonic energy (eV) for wurtzite GaN @ T = 273 K. [11] 
This graph can be used to determine the band gap energy of a particular material. When the 
absorption peak is detected, it means that electrons are absorbing energy from the photons and 
are being excited from their ground state. If electrons are being absorbed, then there must be a 
band gap. Using the Plank-Einstein relation, the band gap of the material can than be calculated 
using Equation 2.4. 
        𝐸𝑔 =
ℎ𝑐
𝜆
                                          (2.4) 
In Equation 2.4, 𝐸𝑔 is the bandgap in eV, ℎ is Planks Constant in J·s, 𝑐 is the speed of light in 
m/s, and 𝜆 is wavelength of the absorption peak in nm. 
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Figure 2.4 Absorption coefficient as a function of photonic energy for wurtzite GaN @ T = 293 K. 
[11] 
In Fig. 2.4, the absorption coefficient for the UV excimer laser at 248 nm (approximately 5 eV) 
is very high, indicating strong absorption. Muth et al. calculated the band gap energy of the 
material to be 3.452 eV using their data, which is similar to the reported value of 3.4 eV in the 
literature. [11]  
The photonic energy, Ehv, will interact with a semiconductor material in a few ways. In 
general, if the Ehv < EG then the photons will interact with the semiconductor’s electrons very 
weakly allowing the photons to pass through the semiconductor material. If Ehv > EG,  the 
photons will be strongly absorbed by the electrons, causing it move up into the conduction 
band. The electron will then release thermal energy and relax to the band edges. Any excess 
energy will be given off as heat. If Ehv = EG an electron-hole pair can form and the energy is 
efficiently absorbed. Figure 2.5 shows this relationship with a band diagram.  
 
Figure 2.5 Band diagram of thermal disassociation of GaN by LLO. [4] 
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Table 2.1 shows that the bandgaps of sapphire, AlN, and GaN are 9.9 [4], 6.2-6.25 [5,6], and 3.4-
3.51 [5,7] eV respectively. A laser operating at 248 nm is approximately 5 eV. In a system 
comprised of sapphire, AlN, and GaN, the photons would pass through all layers except for the 
GaN, as Ehv > EGaN. Due to how strongly GaN would absorb these photons, a significant amount 
of heat will be generated. Wong et al. reported temperatures at the interface to be up to 1000°C, 
which is the at the thermal decomposition temperature for GaN at 1 bar. [9,10]  
2.2 Laser Lift-Off Process  
 For GaN-based LLO, the most common type of laser used are excimer lasers emitting 
wavelengths at 193 nm or 248 nm from ArF or KrF sources respectively. [4,9-27] For this work, 
KrF lasers are used. In LLO, an excimer laser is used as a source of both heating and photonic 
energy. This energy can bring the GaN layers to a critical temperature of approximately 1000°C 
where the GaN begins to become unstable and the reaction kinetics shift in favor of 
disassociation of GaN into its constituents, resulting in the ability to perform LLO successfully.  
 Most the laser tools used for LLO processing are quite similar. Fig. 2.6 is a schematic 
diagram of such a tool.  
 
Figure 2.6 Schematic diagram of a typical excimer based LLO system. [13] 
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The laser, used in this work, is generated using KrF gas resulting in a beam with a wavelength 
of 248 nm with a 38 ns pulse width. The laser beam is shaped and homogenized before going 
through a masking system. The mask stage is an aperture based system where the beam is 
shaped according to the sample’s requirements while maintaining beam fluence and 
uniformity. The beam is split to a beam analyzer and the working stage, which is used to 
monitor both the shape and uniformity of the beam. The process is overseen by a computer 
which receives the image from a CCD system. The laser, post-mask stage, enters a projection 
system. The computer controls the working stage in three axises of motion and positions the 
sample under the beam. Before processing the wafer, the beam is checked at sample height to 
ensure the desired laser fluence is fixed at the prescribed dosage with uniformity of ± 5% RMS; 
in this case 1 J/cm2 at the target. The wafer is moved across the stage stepwise in a sort of 
scanning motion until the entire wafer has been irradiated with the beam and lift off is 
completed. 
 LLO processing is useful because of the selectivity allowed by the interaction of the 
wavelength of the laser and the bandgap of the materials. This process is schematically 
illustrated in Fig. 2.7 (a)-(c) using a structure discussed later in this work.  
 
Figure 2.7 Schematic diagram of a simple LLO process: (a) a sample with a GaN/Al0.7Ga0.3N 
superlattice sacrificial layer is prepared, (b) laser energy passes into the wafer acting on the 
sacrificial layer, and (c) all material after the sacrificial layer is kept intact and lifted away from 
the original sapphire substrate. 
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Most groups that attempt LLO use double side polished sapphire (DSP) as a substrate because 
of its transparency to UV lasers, and to minimize optical interactions between the sapphire and 
the laser. The extremely wide bandgap (9.9 eV) of the sapphire ensures that the absorption of 
the laser energy is minimal at the laser wavelength. Single polished sapphire or pattern 
substrates would have a rough side that would cause some scattering and reflection resulting 
in reduced energy at target with rather unpredictable results. In most UVC LED structures, 
either AlN (6.2 eV) or high Al concentration AlXGa1-XN will be used as a nucleation and buffer 
layer to initiate growth on a sapphire substrate. A low Al AlXGa1-XN or GaN layer with bandgap 
<5 eV is used as a sacrificial layer that can absorb the laser energy fully, or risk possible damage 
to subsequent layers that can strongly interact with the photons. Finally, another layer with 
high Al concentration AlXGa1-XN must be added to recover the lattice mismatch caused by the 
addition of the sacrificial layer before active layer growth. As the UV laser (5 eV) passes 
through the different layers, it passes mostly uninhibited through the layers until a layer with < 
5 eV is reached. The layer will absorb photons from the laser, and the excess energy will heat 
the interface to a reported 1000°C. The photonic energy causes the film into a thermal 
disassociation leaving behind Ga droplets and nitrogen gas. The laser will interact with each 
layer of the SLS until each GaN layer is decomposed or the photons are all absorbed by the 
GaN, whichever occurs first.  
The thermal disassociation of GaN is very challenging and violent reaction to control. 
Damage by thermal mismatch related stress, material heating, and shockwave from the N2(g) 
leaving the system is cited as the reasons for the failure of GaN-based LLO thermal 
disassociation reaction. [4,18,20,22,28] During LLO, the laser’s photons bombard the wafer until 
they reach an interface with the first material that can absorb them are located, in Fig. 2.8, this 
is the interface of GaN and sapphire. The photons from the laser are strongly absorbed by the 
GaN, as discussed earlier. The excess energy generates lattice vibrations and heat which cause 
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a cascade of reactions at the interface causing a plasma to develop. This plasma causes a violent 
shockwave due to the high energy from the immense temperature and pressure. The shockwave 
is made worse as elemental nitrogen tries to escape from the site of ablation. Fig. 2.8 shows a 
mechanism of how the LLO failure occurs.  
 
Figure 2.8 Schematic diagram of film failure mechanism during LLO. [4] 
 
Su et al. documented that after the laser is absorbed into the GaN film, it quickly ionizes into 
a plasma with high temperature and pressure. The confined plasma causes a depression in the 
GaN, causing sheer stress in the area marked by a 1 in Fig. 2.8. The subsequent sudden 
expansion of the plasma generates a shock wave that causes longitudinal shear stress (PL) and 
transverse tensile stress (Pt) marked as blue arrows on the GaN causing further cracking. The 
effects of this type of damage are very evident, and examples are shown in Figs. 2.9 (a) and 
(b). [4] In unsuccessful LLO, this sort of damage is very apparent at any magnification. 
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Fig 2.9 (a) SEM micrograph of a fracture caused by LLO and (b) OM micrograph of damage from 
a 440 mJ/pulse. The white bar on (b) represents 500 µm. [4] 
 
2.3 Challenges for UVC LLO 
 With LEDs emitting in the wavelengths ranging from 570 nm (green) – 365 nm (UVA), 
GaN is typically used for both the buffer and nucleation layers often without causing strain or 
critical thickness related issues. As such, many companies have successfully used LLO with 
these wavelengths for producing vertical LEDs in mass production. Vertical UVC devices have 
been challenging because the epitaxial growth of high Al concentration AlXGa1-XN films is 
difficult. The crystal quality is rather poor and highly defective, limiting the light output and 
performance of UVC devices. [29 – 32] The quality of the crystal becomes a more severe problem 
when a large lattice mismatch is added to the system by the introduction of another material, 
such as GaN or low Al AlXGa1-XN, for use as a sacrificial film to enable LLO processing. 
Growing these two mismatched materials in epitaxy can show major interface defects due to 
crystal relaxation; often resulting in cracking when both high Al content AlXGa1-XN and low 
Al content AlXGa1-XN are grown together. 
[33]  
In heteroepitaxy, there is always a major concern when two dissimilar materials are 
grown together because the critical thickness is reduced causing dislocations to be generated 
much sooner in crystal growth. These dislocations result from lattice mismatch between the 
materials. Critical thickness is the thickness which misfit defects begin to generate to 
compensate for strain and relaxation in the lattice. The relaxing causing the crystal to degrade 
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in quality and generate defects, which in turn causes a decrease in performance and lifetime of 
the device. [4, 15, 29-32, 34-42] The following equations represent the Matthews-Blakeslee model for 
critical thickness for any lattice-mismatched crystal system: 
ℎ1 =  
𝑏
8𝜋(1+𝑣)𝑓
{𝑙𝑛
ℎ1
𝑏
+ 1} (2.5) 
                ℎ2 =
𝑎(1−𝑣)2
5𝑓2𝜋
 (2.6) 
Where b is the magnitude of the Burgers vectors, v is Poisson’s ratio, f is the lattice misfit, and 
a is the lattice mismatch. Using experimentally established values v = .25, and b = 3.189 Å, 
logarithmic plots demonstrate the critical thickness relationship of the thickness and Al molar 
concentration of AlXGa1-XN grown on GaN.
 [43] This relationship is shown in Fig. 2.10. [39, 44]  
 
Figure 2.10 Relationship between the film thickness and Al molar fraction (%) of AlXGa1-XN 
grown on GaN. [43]  
 
In Fig. 2.10, hc represents film thickness. For a given concentration of Al (X), the layer of 
AlXGa1-XN grown to hc thickness. In region A (hc< h1), only misfit strain will exist. In region 
B (h1<hc<h2), dislocations related to strain relaxation begin to develop. In region C (hc > h2), 
cracks will propagate to the film surface. [39-44] Though UVC devices use AlN buffer layers, 
this figure again clearly indicates the difficulty in growth of high Al-content AlGaN on GaN 
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buffer due to mismatch-related issues. To accommodate the lattice constant of high Al-
content AlGaN, AlN buffer layers are used in UVC LEDs to avoid the introduction of misfit 
dislocations. Since GaN bulk layers cannot be easily grown into this system without 
introducing dislocations or cracking, another method must be used to enable LLO. This 
makes LLO for UVC-based devices quite challenging. 
 For LLO processing to enable the production of vertical UVC LEDs, the addition of 
sacrificial films presents an additional problem; the low bandgap of the sacrificial films will 
absorb the UVC emission from the LED. If they are not completely removed after LLO from 
the epitaxial surface, then absorption of the UVC emission can happen. The removal of these 
films is usually accomplished using some etch or surface treatment.   
2.4 Conclusion 
 LLO processes are a thermal disassociation reaction. In this chapter, the mechanism of 
LLO was discussed. As the temperature rises to a critical temperature of approximately 1000°C 
as reported by Wong et al., the bonds in the GaN become less stable. [9,10] Adding extra energy 
in the form of high-energy photons, such as that from a UV laser, is enough to favor thermal 
disassociation reactions. The critical temperature is confirmed by the free energy and phase 
diagrams for GaN. [3,8]  
 LLO is useful for fabrication of UVC LEDs because of the selectivity imparted by the 
strong absorption of GaN at 248 nm. The selectivity is achieved by selection of material band 
gaps. The energy corresponding to 248 nm is 5 eV making any material with a bandgap greater 
than 5 eV is transparent to this wavelength, and any material with less than 5 eV band gaps 
will absorb the photons. The bandgap energies of sapphire (9.9 eV) [4], GaN (3.4-3.51 eV) [5,7], 
and AlN (6.2-6.25 eV) [5,6] allow for selective decomposition at GaN interfaces. The KrF laser 
has a 248 nm emission with a laser fluence of 1 J/cm2 and 38 ns pulse width. The laser burst is 
shot through the substrate and selectively passes through the material layers until a material 
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with bandgap <5 eV is found. The laser energy is absorbed, heating occurs, and the thermal 
disassociation of the film begins. This is where LLO damage begins because of the heating and 
shockwave generated during the LLO process. Examples of thermal and physical damage to a 
device are shown earlier in this chapter. [4,18,20,22,28] 
 LLO use in vertical UVC LED production has been quite challenging due to several 
material challenges associated with the epitaxial growth of UVC based materials. [4, 15, 29-32, 34-
42] In addition to the low quality of the films grown epitaxially, there is a significant mismatch 
between GaN or low Al concentration AlXGa1-XN and AlN or other high Al content films. 
[33] 
The mismatch is a major issue because it has an undesirable effect on the critical thickness of 
films, as the film thickness increases past the critical thickness dislocations related to strain 
relaxation are introduced eventually leading to cracking. [34-44] In addition to mismatch related 
issues, if these films are left on the epitaxial surface, UVC emissions can be absorbed by the 
sacrificial layers.  
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Chapter 3: MOVPE Growth 
 In 1971, H. M. Manasevit of North American Rockwell reported on the development 
of the first nitride film grown by metal organic vapor phase epitaxy (MOVPE), sometimes 
referred to in the industry as metal organic chemical vapor deposition (MOCVD). [1] In 1983, 
Asif Khan et al. grew AlXGa1-XN films in an MOCVD reactor and successfully were able to 
produce Schottky barriers with this material. [2] One year later, Kawabata et al. reported on the 
first blue GaN LED grown by MOCVD. [3] However it was not until around 1995 to 1996, 
Akasaki and Amano’s group, and Nakamura’s team would develop the device structure for true 
blue emission from III-nitride semiconductors. [4] These developments would solidify the 
position of the MOVPE/MOCVD reactors as the workhorse of the modern LED industry today.  
It has been over 30 years since the development of the first blue GaN-based LED grown 
in an MOCVD reactor; there are still a lot to be learned about the growth of III-nitride devices. 
The particularly challenging and exciting materials of this family are the AlXGa1-XN based 
materials. The high molar concentration of Al-based AlXGa1-XN films is particularly interesting 
because of their use in UVC LED devices. The films utilized in the development of UVC LEDs 
have been tough to grow due to a lack of matched substrates, severe parasitic gas phase 
reactions, and need for high-temperature reactors for optimal epitaxial growth. The purpose of 
this chapter is to discuss some of these challenges and how they were addressed during the 
study of the MOVPE growth of a GaN/Al0.7Ga0.3N superlattice (SLS) for use in the 
development of III-nitride vertical UVC LEDs. 
3.1 MOVPE Growth 
The ideal reaction temperature for high-quality AlN growth has been reported to be 
between 1200 - 1600°C. [5-7] These temperatures are challenging for most commercial reactors 
to reach, and often require customization or use of old reactors that were designed for use in 
SiC growth or research and development purposes. [8-13] In most commercial reactors, the 
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maximum recommended temperature is approximately 1200°C, with a few newer models 
introduced recently able to reach higher temperatures in response to the interest in DUV LEDs. 
[13,14] The tools available to the author are limited to 1250°C (set point), which means the 
temperature will vary depending on substrate thickness and gas velocity of reagents entering 
the reactor. As such, it is essential to first characterize each reactor based on the type of growth 
required from it.  
 The growth in this work is challenging because the heteroepitaxial films will have many 
different material layers with significant thermal and lattice mismatches. The films grown in 
this work are considered rather difficult and challenging to grow with high quality due to 
shortcomings in MOVPE technology related to such things as parasitic gas phase reactions or 
suboptimal reactor temperatures.  
Before doing layer growths and system calibrations, the correct reactor for growing 
AlN must be selected to minimizing the introduction of systematic issues as much as possible. 
As with most processes, choosing the proper tool for the job is necessary but can be challenging 
as all commercially available systems have tradeoffs. Finding the right MOVPE reactor with 
the best uniformity, highest maximum temperature, high gas velocity, the short path from the 
gas inlet to the substrate, and small reaction chamber will all aid in the growth of these difficult 
films. In this chapter, reactor selection and methods of overcoming the reactor limitations are 
discussed. 
3.1.1 Reactor Selection Experiment 
Four different reactor configurations are evaluated for use with UVC epitaxy. Growth 
would be assessed using as similar conditions as possible to determine which system would 
provide the best uniformity. Temperature and pressure were set at safe limits for operation of 
each reactor, 1200°C, and 14 kPa respectively. Since all four reactors are regularly used for 
UVA or blue production, the reactors were cleaned, baked, and brought back to process 
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condition. Based on the UVA recipes on each reactor, V/III ratios were set to 1000 and were 
set to grow approximately Al0.25Ga0.75N films. Al0.25Ga0.75N corresponds to approximately a 
3.95 eV bandgap or a 313.9 nm emission. Al0.25Ga0.75N was selected because AlN growth is 
complex and would require some optimization before the growth can be attempted. Growth 
was completed using GaN templates on double-side polished (DSP) sapphire (0001) substrates. 
The precursor gasses used are trimethyl aluminum, trimethyl gallium, and ammonia (NH3). 
Growth took place over a 2-hour period. Photoluminescence (PL) and reflectivity thickness 
measurements were performed by a Nanometrics RPM2000.  
The four reactors differ by gas flow system and wafer rotation mechanism. Reactor A 
is a horizontal flow with 10 rpm wafer tray rotation. Reactor B is a top based fixed flange 
system with wafer tray rotation up to 2000 rpm. Reactor C is a top-down closed coupled 
showerhead system with 100 rpm wafer tray. Reactor D is a planetary horizontal flow with 
large 10 rpm disk containing rotating wafer trays. Regarding size, reactor A is the smallest 
being a 3x2” wafer system. The other three reactors are significantly larger reactor systems 
used for mass production and high throughput of high volume blue and UV devices. Figure 3.2 
has the PL mapping for each of the wafers from their respective reactor.
 
Fig 3.1 PL data for several different types of reactors showing different thickness uniformities: (a) 
8.2%, (b) 9.05%, (c) 11.23%, and (d) 12.97%. 
 
This data was typical of all these early stage growths. Based on this information, Reactor A (a) 
was selected because it had the best thickness uniformity at 8.2%. In addition to having the 
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smallest reactor volume and highest gas velocity of the four reactors. The small reactor size 
ensures the minimal distance between the gas inlets to the substrates to reduce gas-phase 
reactions (less time to react). High gas velocity helps minimize the time by-products can 
lingering in the reaction chamber and as a result improves crystal quality. High gas velocity 
can reduce growth rate by giving reactants less time deposit on the wafer surface, reducing 
overall growth efficiency. Fig. 3.2 shows the reactor system selected for use in this experiment.  
 
Figure 3.2 (a) Schematic drawing of the reactor system and (b) example of the reactor utilized in 
this work. 
 
This reactor had the lowest actual temperature at the heating element of all the reactors, which 
was problematic. The set point recommended by the manufacturer was 1200°C or 1250°C but 
some negative impacts on the lifetime of the reactor elements are expected at 1250°C. At 
1200°C the actual heating element temperature would only reach 1150°C.  
3.1.2 Growth Preparation 
 Before growing and designing a sacrificial film for LLO processing can begin, 
preparation must be completed to ensure that high-quality GaN and AlXGa1-XN films can be 
grown successfully.  As mentioned in a prior section, heteroepitaxy of these materials have 
significant thermal and lattice mismatch related issues and are considered rather challenging to 
grow with high quality with MOVPE. The growth is made further complicated by parasitic gas 
phase reactions, suboptimal reactor temperatures, or tool limitations.  
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3.1.2.1 Substrates 
 The thermal and lattice mismatches could easily be addressed or at least improved upon 
by using AlN substrates. AlN substrates, currently, are still considered a research and 
development material. The high cost prohibits them from being used in mass market 
applications at this moment. The quality can be quite good, but there is still a lot of variables 
that need more characterization and study. The typical AlN boule is brown or amber colored, 
and in the author’s experience sometimes wafers are brown or amber with splotches of white 
or cream. Fig. 3.3 has examples of boules and wafers from a well-known crystal AlN wafer 
manufacture.  
 
Figure 3.3 (a) A grouping of AlN boules [15] and (b) 1” AlN wafers [16] from a well-known 
manufacturer. 
   
Although these crystal imperfections have been said not to affect device performance by the 
manufacture, there is the absorption of UVC spectra that occurs with this material, which is 
unexpected from pure AlN. Given the color and UVC absorption, it can be concluded that these 
wafers have some degree of defectivity. Figure 3.4 shows PL data from samples of PVT bulk 
AlN wafers. [17]  
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Figure 3.4 PL intensity data for three different samples of bulk AlN substrates, using light source 
above (6.2 eV) and below the bandgap of AlN (5.9 eV). [17] 
 
Fig. 3.4 comes from the work of Strassburg et al., who commented that these materials do 
indeed absorb energy across the entire UV range. Each wafer was excited using two different 
conditions, one was excited by a 6.2 eV source (dotted line) that is around the bandgap of AlN, 
and the other below the bandgap using a 5.9 eV source (solid line). From samples, excited 
below the bandgap, a peak is observed at between ~3.5 and 4.4 eV which tend to be associated 
with oxygen and carbon contamination respectively. [18,19] Strassburg et al. commented that the 
PL data, absorption spectra, and elemental analysis suggest that these excitations cannot be 
solely related to oxygen or carbon, implying that there must be other defects involved including 
contamination of silicon and boron. [17] The manufacturer claims dislocation density ranging 
from 102-104 cm-2 which is extremely low compared to other technologies such as HPVE or 
lateral overgrowth AlN substrates (~106 cm-2) and AlN grown on sapphire (>108 cm-2). [16, 20, 
21] At the time of this work, the market price for a 1” wafer was quoted around 5,000 USD per 
wafer making it impractical for use in mass production. Furthermore, the UVC absorption made 
them incompatible with LLO. Due to the incompatibility of this substrate with the objectives 
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of this study, the rest of the discussion will focus on sapphire substrates. Sapphire has a 
significant thermal and lattice mismatch to AlN which will need to be addressed. Sapphire 
substrates are typically cut along the C-plane when used for LED growth.  C-plane sapphire 
has a reported mismatch of 13% with AlN. [22] This mismatch presents a few challenges to 
growth but is still less than the 16% mismatch found in GaN to the same type of sapphire, 
which has enjoyed high performance and efficacies as well significant commercial success. [23] 
3.1.2.2 Growth Method 
As mentioned in the previous sections, thermal and lattice mismatch is a difficult 
problem to overcome as these are intrinsic material properties. The reactor selection will help 
mitigate some of the difficulties encountered by parasitic gas phase reactions, but growth 
optimizations still need to be made to help alleviate or delay the onset of mismatch related 
defects. One of the best methods to help alleviate these problems and to improve crystal quality 
is selecting an appropriate growth method. The growth methods that crystal growers have 
found to work the best for UVC LED growth are pulsed-flow growth methods and high-
temperature growth methods. Most commercially available reactors, at the time of this work, 
cannot be used for high-temperature growth without significant modification or customization, 
and the author does not have access high-temperature reactors, an alternative method must be 
chosen: pulsed-flow growth.  
 Pulsed-flow growth methods are primarily used to compensate for growth 
temperatures below the high temperatures of 1200-1600°C that are used for high-temperature 
growth of UVC based materials. [5-7,12, 17,19, 24-43] Pulsed flow is one of the most widely used 
growth methods. It tries to model atomic layer deposition (ALD) growth; the principle is to 
control the flow rate and pulse feed the alkyls or hydrides with a delay between pulses to 
enhance the atoms ability to diffuse and migrate across the surface of the wafer. The thought 
is that the crystal front will grow a few atomic layers at a time proportional to pulse length. 
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The alkyls are fed into the reactor at a constant rate, and the hydride is pulsed to help avoid 
unwanted particle formation from parasitic gas phase reactions. Figure 3.5 (a) and (b) are an 
example of a scheme for the growth of binary and quaternary III-nitrides using pulsed-flow 
growth. [42] 
 
Figure 3.5 Schematic diagrams of pulse-flow methods for (a)binary and (b) quaternary III-nitrides. 
 
By limiting the number of reactants in the reaction chamber at any given time, gas phase 
parasitic reactions are reduced and allows time for the atoms to migrate and diffuse across the 
wafer surface, which should improve crystal quality.  The main disadvantage of the pulsed 
methods is usually related to reactor utilization, gas consumption, and growth time. Growth 
times and gas consumption increase dramatically, while reactor utilization decreases, all of 
which increases costs associated with MOVPE growth.  
 Gas phase reactions of TMG and TMA with ammonia is quite common and introducing 
multiple species of various precursors makes growth quite complex. Fig. 3.6 shows the 
decomposition and intermediate reactions and deposition pathways for AlN and GaN. [44,45]  
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Figure 3.6 Schematic diagram of decomposition, intermediate reactions, and deposition pathways 
for AlN (a) [44] and GaN (b) [45]. 
 
The heterogeneous reactions for GaN and AlN are quite complicated and the addition of both 
Ga and Al precursors into the reaction system at the same time generates many different side 
reactions due to increased number of reactive interactions that can happen within the reactor 
chamber before deposition. Pulsed-flow growth helps suppress these interactions by limiting 
the number of possible reactants and types of reactants in the reactor at a given time. Combined 
with high gas flow velocity, a significant number of by-products are evacuated before they can 
deposit on the wafer surface, resulting in an improvement in crystal quality. Adding time 
between pulses further improves crystal quality because it allows time for the atoms to diffuse 
and migrate across the wafer surface before adding to the film volume. If the gas velocity is 
reduced, by-products can linger, and droplet formation can occur. Droplets will then deposit 
on the wafer surface introducing very significant defects into the epitaxial structure.  
3.1.2.3 Growth Method Experiments 
 To determine if high temperature (HT) growth was possible in our reactor system, and 
compare its performance to pulse-flow growth, five growths were planned. Each growth would 
begin with low temperature (LT) AlN nucleation and buffer layers, which was grown at 850°C 
and 14 kPa. After buffer layer growth was completed, an AlN layer would be grown using a 
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different growth method. SEM and XRD data would be collected for each sample and results 
were then compared to determine which method of growth would be employed for subsequent 
growths. The schematic diagram of this structure is shown in Fig. 3.7. 
 
Figure 3.7 Schematic diagram of the epitaxial structure used. 
 
The first two growths were HT growths, within the safe limits of Reactor A, for 1 and 4 
hours each. The set point was set to 1200°C, and the actual reactor temperature was 1150°C. 
The V/III ratio was set to approximately 13,000. At this gas flow rate, the system pressure rose 
to 20 kPa. The SEM cross section and OM micrograph of the surface are shown in Fig 3.8. 
Only one surface morphology micrograph is included as they were essentially identical. 
 
Figure 3.8 SEM of resulting (a) 1-hour and (b) 4-hour growths. An example of the surface 
morphology of the wafers can be seen in the micrograph (c). 
 
Fig. 3.8 (c) shows that a rough wafer surface was produced by this growth, which can be 
expected given that the temperature was not optimal for AlN growth. Thicknesses of these 
films were measured by SEM for the 1 and 4-hour film. Thicknesses were recorded as 0.542 
and 2 µm respectively giving a growth rate of approximately 0.009 µm/min. 
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 The next growths test different pulse-flow conditions. For this experiment, there were 
three separate conditions tested. The purpose of this experiment was to determine high and low 
V/III ratio performance and effect of the capping layer growth at the end of each pulse cycle. 
The purpose of using pulse-flow was to allow a reduced temperature, as such, temperature was 
set at 1100°C, with resulted in a 1050°C temperature at the heating element, and pressure was 
set to 10 kPa. Each growth would begin with LT AlN nucleation and buffer layers grown at 
850°C and 10 kPa set point. Table 3.1 represents a single cycle which will be looped X number 
of times to complete a recipe. 
Table 3.1 A pulse growth cycle which will be looped “X” times. 
 
 
In the recipe from Table 3.1, there are three experimental variables which will be adjusted for 
this experiment. In the first pair of experiments, the interest is in the performance of the reactor 
at high and low V/III ratio. Z will be set to 5.5 minutes, and Y will be varied to 12 slm for high 
V/III ratio and 100 sccm for low V/III ratio. X will be set to 5, which means the whole process 
will be repeated five times before the reactor comes to rest. Table 3.2 tabulates the experimental 
results for the first two experiments.  
Table 3.2 Tabulated results of the experiment comparing V/III ratio performance. 
Sample V/III Ratio 
Growth Time 
(minutes) 
Growth Rate 
(µm/min) 
Thickness (µm) 
Pulse 1 13067.35 117.5 .007 .85 
Pulse 2 108.89 117.5 .009 1.25 
 
Loop
Repeat
Pulse time 3 seconds 5 seconds Z
NH3 Purge Y Y
TMA 25 sccm 50 sccm 50 sccm
135 times
X Times
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From this experiment, it is evident a low V/III ratio has an improvement on growth rate. 
However, from OM and SEM, low V/III ratio produces a crystal with rather grainy structure. 
Fig. 3.9 has micrographs from SEM and OM for both samples. Samples labeled as (a) and (c) 
represent Pulse 1, with high V/III ratio and samples labeled (b) and (d) represent the low V/III 
ratio. 
 
Figure 3.9 Micrographs of SEM and OM for Pulse 1 (a)&(c) and Pulse 2 (b)&(d) samples 
respectively. 
 
From the micrographs, low V/III ratio samples (a and c) had a very grainy texture that was not 
suitable for further layer growths.  
 The next experiment used the same reactor conditions as Pulse 1, however, reducing 
the X to 3 loop cycles and changing Y to 10 minutes. These variables mean the cycle will be 
repeated three times before the reactor comes to rest and the end of each pulse stage will be 
capped with a 10-minute growth. Table 3.3 tabulates the results from this experiment. 
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Table 3.3 Tabulated results of the experiment for 5 loop cycles with 5.5-minute capping film growth (Pulse 1) 
and 3 loop cycles and 10-minute capping film growth (Pulse 3). 
Sample V/III Ratio 
Growth Time 
(minutes) 
Growth Rate 
(µm/min) 
Thickness (µm) 
Pulse 1 13067.35 117.5 .007 .85 
Pulse 3 13067.35 84 .01 .8 
 
By reducing the number of repeat loop cycles from 5 to 3 cycles and increasing the capping 
time at the end of each cycle from 5.5 to 10 minutes, there was a significant improvement of 
growth rate. Fig. 3.10 depicts a SEM and OM micrograph of this growth. 
 
Figure 3.10 Micrographs of Pulse 3 growth samples: (a)SEM and (b) OM at 500x magnification. 
 
From both SEM and OM data, the surface morphology of this sample is the smoothest among 
the three pulse-flow samples, and the OM has the best clarity of all four samples discussed in 
this section. Additionally, this sample had the fastest growth rate of all four experiments.  
 The four samples were compared to commercially available AlN templates of a similar 
structure for comparison. The commercially available templates came in two thicknesses: 2.8 
and .84 µm. XRD FHWM of both the (0002) and (10-12) reflections were taken for all samples 
and compared in Table 3.4. 
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Table 3.4 XRD FHWM in (0002) and (10-12) reflections for all samples. 
Sample HT 1hr HT 4hr Pulse 1 Pulse 2 Pulse 3 
Vendor 
2.8 µm 
Vendor 
0.84 µm 
FWHM 
(0002) 
(arcsec) 
202 130 151 809 309.6 349 69 
FWHM 
(10-12) 
(arcsec) 
841 507 756 1527 671 2020 1730 
 
From XRD data, combined with the growth rate, SEM, and OM data, it can be determined that 
Pulse 3 is the best comprise of growth rate, crystal quality and growth time. It also had the 
added benefit of having a low number of edge dislocations based on the FHWM (10-12) 
reflection. It would be possible to get better crystal quality from growing at high temperature 
for 4 hours. However, the reactor gas limitations would not accommodate both this buffer 
growth and additional structure growths to take place during the same session. Based on the 
results for these growths, Pulse 3 was select for all future buffer growths.  
3.2 Sacrificial Film Development for Use in LLO 
 In this section, a discussion of some experiments that went into the development of the 
sacrificial design decisions.  
3.2.1 GaN and Low Al Molar Concentration AlXGa1-XN Monolayer Studies 
In Chapter 1, a review of many LLO related works had been discussed. However, due to factors, 
such as reactor differences, template quality, and growth strategies, repeating some of their 
experiments is worth investigating and confirming their incompatibility with UVC LED related 
material systems using our reactor system as no two reactors perform exactly alike. From these 
experiments, a lot can be learned about the development of the sacrificial films, as they were 
successful for use in UVB LEDs. UVB LEDs mostly use between 40-55% n-AlXGa1-XN for n-
cladding layers in LEDs down to 280 nm. [12, 30, 46-53] UVC LED devices, however, λ<280 nm, 
tend to use between 60-85% for n-cladding layers. [10, 26, 27, 42, 54-57] The high Al% provides 
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significant challenges directly related to crystal mismatch and critical thickness when using 
some of the strategies from the other groups, as the n-cladding layers need to be relatively thick 
for LLO use.  
 The first group of experiments is inspired by the works of Zhou et al. [58], Ueda et al. 
[59], and Kawasaki et al. [60]. In this part of the study, GaN monolayers are grown with n-
Al0.7Ga0.3N to determine their suitability to use as monolayers for LLO for UVC LED. Zhou et 
al. used GaN templates to grow their UVB materials and used an LT-AlN layer to manage 
strain. Zhou et al.’s strategy enabled the GaN template to be used as an LLO sacrificial layer 
and growth of n-AlXGa1-XN up to concentrations of x=53%. 
[58] Based on their findings, it is 
clearly not compatible with n-Al0.7Ga0.3N, so this experiment was not repeated. However, Ueda 
et al. and Kawasaki et al. used 0.3 µm and 100 nm sacrificial layers. Ueda et al. had grown 
their GaN directly on sapphire and grew 1.0 µm Al0.11Ga0.89N on this layer. 
[59] Kawasaki et al. 
grew LT GaN (unspecified thickness) and 100 nm thick GaN was grown on sapphire. To 
compensate for strain, they had to grow additional strain management layers totaling over 3.1 
µm thick. [60] This system can be seen in Fig 3.11. 
 
Fig 3.11 Strain management system used in the work of Kawasaki et al. [60] 
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The system in Fig 3.11 would take quite some time to grow and would make mass production 
quite costly and time-consuming. Chip process steps would also be costly as an extended 
reactive ion etch (RIE) would be required. [60] Based on these two experiments, a 0.3 µm GaN 
buffer with 1 µm Al0.7Ga0.3N capping layer and a 100 nm GaN buffer with 1 µm Al0.7Ga0.3N 
capping layer were grown on double side polished (0001) C-plane sapphire. The GaN was 
grown using the same recipe used for UVA mass production and shortened to appropriate 
thicknesses. The resulting films are presented in Fig. 3.12. 
 
Figure 3.12 Micrographs at 100x magnification of (a) 0.3 µm GaN buffer with 1 µm Al0.7Ga0.3N 
layer and (b) 100 nm GaN buffer with 1 µm Al0.7Ga0.3N layer grown on DSP (0001) c-plane 
sapphire. 
 
These micrographs shown in Fig. 3.12 clearly show cracking on both wafer surfaces. The lattice 
constant of the Al0.7Ga0.3N film is close to those of AlN, and GaN has a significant mismatch 
to AlN. It is expected that a film comprised of GaN buffer and Al0.7Ga0.3N layers, would only 
be able to be grown approximately 10 nm before experiencing cracking due to exceeding the 
critical thickness on this type of GaN system. [33, 61-65] It was important to see that reducing the 
thickness of the GaN and keeping it at minimal thickness may prevent cracking and make it 
useful as a LLO sacrificial film. It would be ideal, therefore, to keep all GaN layers as thin as 
possible, however, due to reactor capability, the limit is 2 nm. It has been shown that the critical 
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thickness for misfit dislocation introduction of AlN grown on GaN has been reported to an 
upper limit of 6 nm. [62] Although the usage of AlN buffer for UVC devices has been discussed, 
these micrographs again clearly indicate the difficulty in growth of high Al AlGaN on GaN 
buffer. Employing a SLS system, GaN layers can be placed into the system without 
introduction of significant defects by reducing the thickness of individual GaN layers.  
 The next experiment was based on Aoshima et al. by using various AlXGa1-XN as buffer 
layers for Al0.7Ga0.3N. In their work, Aoshima et al. grew 2 µm AlN on sapphire at 1400°C 
followed by 2.5 µm Al0.25Ga0.75N. The wafer was then removed from the MOVPE reactor and 
etched with RIE etching; then the Al0.25Ga0.75N was regrown for 4 hours at 1100ºC and 6.6 x 
104 Pa. Next, a 4 µm n-Al0.25Ga0.75N was grown on top of this template system. For this group, 
LLO was not possible without using an epoxy underfill. [40] Fig. 3.13 (a) are chips with and 
without epoxy underfill after LLO and (b) are schematic diagrams of the chips. 
 
Figure 3.13 (a) Micrographs of post-LLO chips and (b) schematics of pre-LLO chips with 
and without underfills [40]. 
 
Given the complexity of their work and the need for epoxy underfill, this work was not suitable 
for this study. Additionally, Takeuchi et al. reported that the use of low Al concentration 
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AlXGa1-XN makes separation post-LLO difficult as Al droplets caused cracking during 
separation. [53] This cracking prevents this method from being a mass production method. 
However, for completeness, a simplified variation of this work was executed as described 
below. 
 To verify the compatibility with UVC of this system, 150 nm AlN were grown on DPS 
(0001) C-plane sapphire. The AlN was grown using a pulsed-flow method based on the growth 
used for Pulse 3 growth discussed earlier in this chapter. Three samples were grown each with 
2.0 µm AlXGa1-XN layer with a 1.0 µm Al0.7Ga0.3N capping layer on top. The three samples 
had (a) Al.25Ga.75N (b) Al.35Ga.65N and (c) Al.45Ga.55N respectively. Fig. 3.14 have micrographs 
of the resulting growths at the same magnification.  
 
Figure 3.14 Micrographs of samples: (a) Al.25Ga.75N (b) Al.35Ga.65N and (c) Al.45Ga.55N with 1.0 
µm Al0.7Ga0.3N capping layer. 
As the concentration approached Al0.7Ga0.3N cracking got significantly lower, indicating that 
the samples are becoming more lattice matched and thus critical thickness related cracks are 
reducing. These findings imply that using thinner layers may allow for crack-free surfaces, but 
lattice matching by keeping lattice parameters similar is crucial.  
 The findings from these two sets of experiments indicate that GaN layers thicker than 
100 nm and low Al content AlXGa1-XN films are not appropriate for UVC growth. Second, 
growing films thin enough to prevent film relaxation and cracking related to critical thickness 
is vital to the design of a sacrificial film.  
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3.2.2 KrF Laser on GaN Etch Rate 
 In this experiment, GaN is etched by a KrF laser operating at 248 nm with a laser 
fluence of 1 J/cm2 and 38 ns pulse width per burst. The dosage and wavelength of this laser are 
standard laser specifications for use in LLO, with proven results. 2 µm GaN was grown on 
DSP (0001) C-plane sapphire and placed on the stage of the laser system discussed in Chapter 
2. The laser was shot one burst at a time at the sample in 10 burst groupings. This was repeated 
ten times adding ten bursts until 100 bursts were reached. The etch depth was then measured 
using an alpha stepper to calibrate an etch rate. Fig. 3.15 are the results from this test.  
 
Fig 3.15 (a) Micrographs of GaN after being shot by a KrF laser and (b) graphical representation. 
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The etch depth per burst is approximately 10 nm. 10 nm is the minimum thickness based on 
this experiment that is required to protect any subsequent layers from potential damage by the 
laser, assuming all photons are not absorbed. 
3.2.3 GaN/AlXGa1-XN SLS 
 Before determining what type of material system is ideal for use as a sacrificial layer, 
a few design considerations must be made:  
• Must avoid Al decomposition – low Al composition AlXGa1-XN cannot be used. 
o GaN or InGaN can be utilized, but indium is not compatible with our growth 
temperatures. Thus GaN must be employed. 
• Must avoid critical thickness and strain relaxing issues. 
o Must use thin GaN layers as possible. 
o Must keep lattice constant as close to n-Al0.7Ga0.3N cladding layer. 
• Must avoid complex processes and UVC inappropriate material such as epoxy. 
• GaN layer should be a minimum of 10 nm thick to protect the MQW. 
GaN has a significant mismatch and is incompatible with n-Al0.7Ga0.3N cladding layers if it 
was grown as a bulk film as the critical thickness of this film is approximately 6 nm. This 
happens to significantly less than how much GaN a single laser burst etches. There is no process 
safety if a GaN bulk layer is used as a bulk layer greater than 10 nm would begin to introduce 
defectivity. A solution to all these problems is to grow the system as a strained superlattice 
(SLS) system. In a superlattice, very thin layers can be stacked, and strain can be managed. In 
this case, growing the thinnest possible GaN layers and combining them with Al0.7Ga0.3N layers 
will allow both LLO to proceed and the lattice parameters of the SLS should be similar enough 
to n-Al0.7Ga0.3N that cracking can be avoided. In this case, the reactor’s minimum layer 
thickness that can be reliably grown is 2 nm, so the GaN layers need to be 2 nm. The Al0.7Ga0.3N 
layer should be at minimum twice the thickness to ensure the lattice parameters stay close to 
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the n-cladding layers. 5 nm Al0.7Ga0.3N layer was selected, to compensate for potential growth 
rate related problems with GaN on Al0.7Ga0.3N and maintain surface uniformity. The added 
benefit of an SLS is the absorption of photons as the laser energy passes through the SLS.   
 Based on these design decisions, GaN/Al0.7Ga0.3N (2 nm / 5 nm) pairs were selected to 
be used for the SLS. The number of pairs determined based on laser etching data, one burst 
etches approximately 10 nm of GaN, ignoring all types of interfacial interactions. A minimum 
of five pairs of GaN/Al0.7Ga0.3N (2 nm / 5 nm) would be required to get 10 nm of GaN in the 
film. For process safety, it is better to design between 10-20 pairs for mass production; 20 pairs 
were selected. 
3.3 Conclusion 
 In this chapter, MOVPE growth was studied in detail and lead to many growth-related 
decisions that provided a pathway for growing high-quality SLS and UVC structures. 
Executing a variety of experiments allowed for decisions to be made on material selection, 
growth methods, and finally, a structure for the SLS system that is to be employed to enable 
LLO for fabrication of vertical UVC LEDs. 
A horizontal flow reactor with a slow rotation was selected for carrying out all 
experimental growths for this work due to having the most optimal characteristics for growing 
AlN and best thickness uniformity of 8.2% of the reactors tested in this chapter. DSP (0001) 
C-plane sapphire was selected based on price and compatibility with LLO.  Pulse-flow was 
selected for growth method due to the reactor’s inability to reach ideal temperatures for UVC 
growths. It has also been proven to reduce parasitic gas phase reactions. Experiments were 
carried out and confirmed that this method was most suitable for our reactor.  
 Experiments were conducted to determine monolayer of GaN or low Al composition 
AlXGa1-XN suitability for LLO of UVC structures. It is determined that GaN layers thicker than 
100 nm and contain low Al content AlXGa1-XN films are not appropriate for UVC growth. 
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Second, growing films thin enough to prevent film relaxation and cracking related to critical 
thickness is crucial to the design of a sacrificial film. 
 A GaN etch rate experiment was completed using a KrF laser operating at 248 nm with 
a laser fluence of 1 J/cm2 and 38 ns pulse width per burst. The resulting data showed that a 
single burst etched ~10 nm GaN. Thus a minimum 10 nm GaN would be required to protect 
any potential damage to the MWQ.  
 Finally, based on all the experiments discussed in this chapter and the reactor capability, 
it was determined that 20 pairs of GaN/Al0.7Ga0.3N (2 nm / 5 nm) strain SLS are to be used 
ensure process safety, though in principal only five pairs would be needed to achieve LLO 
successfully. 
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Chapter 4: Development of Laser Lift-off Process with a GaN/Al0.7Ga0.3N Strained-
Layer Superlattice for Vertical UVC LED Fabrication 
A laser lift-off (LLO) process with a GaN/Al0.7Ga0.3N strained-layer superlattice was 
newly developed for use in the fabrication of a vertical UVC LED in the previous chapter. 
Since the UVC-LED epitaxial structure grown by Metal-Organic Vapor Phase Epitaxy contains 
AlGaN layers with high Al contents, it is often grown on an AlN buffer layer instead of a GaN 
buffer layer used for growth of a blue-LED epitaxial structure.  AlN layers are transparent to 
UV lasers employed in the LLO process and thus making lift-off of the sapphire substrate tough. 
This GaN/Al0.7Ga0.3N strained layer superlattice was used to absorb the UV laser during the 
LLO process and suppress the dislocations climbing to the UVC-LED epitaxial structure grown 
on this layer. Successful LLO of a 2” sapphire substrate was attained without any cracks with 
this process, and the growth of a high-quality UVC-LED epitaxial structure was confirmed by 
x-ray diffraction and transmission electron microscopy analysis. 
 Electroluminescence for the vertical UVC LED was not recorded. However, the lateral 
processed devices, with the SLS in the structure, had recorded emission ranging from 252-266 
nm indicating that the SLS system does not introduce enough defects to stop UVC emission. 
Lack of vertical device emission can be attributed to the heating at the epi/copper interface or 
possible copper migration shorting of the LED device as shown by secondary ion mass 
spectroscopy (SIMS) analysis. 
 In this chapter, the LLO process is enabled by taking advantage of a decomposition 
reaction of GaN that is facilitated by UV laser energy. This process has been commercially 
used for quite some time to produce blue and UVA LEDs. The chemical equation for this 
reaction is as follows:  
GaN → Ga + ½N2(g).         (4.1) 
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This reaction leaves droplets of Ga or gallium oxide on the device surface, which then can be 
easily removed by etching using chemicals such as HCl. [1] LLO is inherently more difficult 
for UVC than UVB and UVA devices because GaN not present and is often avoided due to 
absorption of the UVC spectra or critical thickness related issues from lattice mismatch. [2,3] 
However, with LLO it is possible to remove the remaining GaN and SLS structures post 
process so that absorption is not a factor.  
4.1 Experimental methods 
4.1.1 LLO Structure Growth 
The structures discussed in this chapter were grown by MOVPE using a horizontal flow 
under low pressure (10.5–14 kPa) at 1200°C. The precursor gasses were trimethyl aluminum, 
trimethyl gallium, ammonia (NH3), silane (SiH4), and bis(cyclopentadienyl)magnesium 
(Cp2Mg). SiH4 and Cp2Mg were used as precursors for n- and p-type doping, respectively. 
Double sided polished sapphire (0001) substrates were heated to around 1200 °C (set point) 
during growth.  
Two structures were grown for the development of this technology. The LLO template 
structure was composed of an undoped AlN layer (~250 nm thick), an undoped Al0.7Ga0.3N 
layer (~300 nm thick), twenty pairs of GaN/Al0.7Ga0.3N SLS (2 and 5 nm thick, respectively), 
and an undoped Al0.7Ga0.3N layer (~300 nm thick). This structure was primarily used for 
developing the SLS stack. The other structure was a UVC LED composed of an undoped AlN 
layer (~250 nm thick), N-doped Al0.7Ga0.3N (~650 nm thick), twenty pairs of GaN/Al0.7Ga0.3N 
SLS (2 and 5 nm thick, respectively), and N-doped Al0.7Ga0.3N (~650 nm thick). Then, five 
pairs of Al0.55Ga0.45N/Al0.70Ga0.30N multiple quantum wells, followed by a P-doped 
Al0.80Ga0.2N electron blocking layer, and a P-contact and capping layer of P-doped 
Al0.02Ga0.98N totaling approximately 1 µm thick were deposited on the structure. Schematics 
of the LLO template and UVC LED structures are presented in Fig. 4.1 (a) and (b), respectively. 
62 
 
 
Figure 4.1 Schematic cross-section structures of (a) lift-off template structure and (b)UVC-LED 
structure with thicknesses shown. 
 
4.1.2 LLO Processing and Characterization 
After epitaxial growth, wafers were inspected to ensure good surface morphology. The 
LLO template and UVC LED epitaxial structure wafer types were then scanned by X-ray 
diffraction (XRD) and prepared for LLO processing by bonding to a copper substrate (150 µm 
thick). The laser dosage was 1 J/cm2 from a KrF 248-nm laser through the sapphire substrate 
to treat the wafer, similar to other studies. [1,3, 4-13] LLO templates were primarily used as a test 
platform for LLO processing. Please refer to Fig 2.7 for a schematic of the LLO process flow.  
In this process, the SLS layers are exposed to the laser through the sapphire. The 
sapphire and layers before the SLS can then be removed, and the remaining structures can 
continue with processing. In the case of UVC LED fabrication, the UVC LED structure would 
be grown on top of the template, bonded to copper substrates, and undergo LLO processing to 
remove the sapphire and buffer films, as demonstrated later in this work. 
XRD was taken using a PANalytical X-Pert Pro system to characterize all films in both 
the symmetric (0002) and asymmetric (10-12) reflections. The thickness measurement and its 
mapping for a whole wafer were taken using Nanometrics RPM2000 equipped with reflectivity 
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measurement system and a laser. The High-Angle Annular Dark Field Scanning Transmission 
Electron Microscopy (HAADF STEM) images were taken using Hitachi High Technologies 
HD-2700 at 200kV while the dislocation analysis by weak beam dark field images was taken 
using Hitachi High Technologies H-9000NAR at 300kV. 
4.2 Results and Discussion 
4.2.1 Results 
The quality of the crystal structure grown will ultimately determine if a technology is 
viable for production and worth investigating. Other groups have attempted similar lift-off 
systems with varying levels of success or processing complexity difficulties, but a structure 
using GaN in an SLS with a high concentration of Al (Al0.7Ga0.3N) has not been investigated.
 
[1,3, 4, 6-13] The UVC LED structure used in this experiment appeared to have good surface 
morphology at 200× magnification, as seen in the image in Fig. 4.2 (a) obtained from a 
Normarski microscope. The surface of the wafer is smooth and mirror-like indicating that the 
surface quality is high. Fig. 4.2 (b) shows that wafer surface is regular and transparent.  
 
Figure 4.2 (a) Micrograph of the wafer surface at 200x magnification and (b) typical wafer 
immediately post epitaxy.   
 
This morphology was most likely achieved because the GaN layers are very thin and 
sandwiched between Al0.7Ga0.3N layers, preserving material quality and preventing the strain-
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induced cracking usually seen in thick GaN layers combined with layers with high Al content. 
[6-8, 14-18] 
4.2.2 Effect of SLS Insertion on Crystal Quality 
The introduction of the SLS into a structure composed of an undoped AlN layer, 
undoped Al0.7Ga0.3N, 20 pairs of GaN/Al0.7Ga0.3N layers as the SLS, and undoped Al0.7Ga0.3N 
layer had a minor effect on crystal quality. The addition of the SLS increased the full width at 
half maximum (FWHM) of the (0002) diffraction from 109 to 224 arcsec and the FWHM of 
the (10-12) diffraction from 1108 to 1162 arcsec compared with those of pure AlN with an 
Al0.7Ga0.3N top layer. Fig. 4.3 is the schematic diagrams of these two structures.  
 
Figure 4.3 schematic structure for (a) template structure with 20 pairs of SLS and (b) template 
without the superlattice. 
 
These (0002) and (10-12) FWHM reflection values are similar with and without the SLS 
structure and are acceptable when compared with other values found in the literature for 
templates. Similar templates have been proven to be acceptable for the growth of deep UV and 
UVC LEDs, although it would be better to have a narrower FWHM for the (10-12) peak. [6, 8, 
14, 15, 19-23] It is possible that the large FWHMs were related to the thin layer thickness of the 
LLO template wafer (approximately 890nm thick). Fig. 4.4 shows the 2θ-ω scan of the (0002) 
reflection profile of the LLO template structure, which contains satellite peaks, indicating good 
crystal quality and abrupt interfaces.  
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Figure 4.4 2Θ-ω scan of the (0002) reflection profile of LLO template structure. 
 
This scan also indicates the presence of the SLS layers. The SLS layers are vital for LLO of 
this epitaxial structure because they enable it to absorb UV energy from the laser to induce the 
lift-off process. High-quality crystals are also essential for the growth of subsequent epitaxial 
layers of the UVC LED structure grown on top of the template structure.  
4.3 Post-Lift-Off Analysis 
After copper bonding, the structure was exposed to a 248-nm KrF excimer laser through 
the sapphire substrate using a 1 J/cm2 at 38ns pulse width dosage. Fig. 4.5 (a) shows the wafer 
immediately after LLO processing, clearly displaying a mirror-like finish as well as a residue 
on the sapphire. 
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Figure 4.5 Images of (a)the metal and sapphire wafers, (b)SEM of the sapphire wafer, (c) SEM of 
metal-side wafer immediately post-LLO processing, and (d) thickness measurement used for 
confirmation of film thickness. 
 
In Fig. 4.5 (a), the left side wafer is metal side, and the right side is sapphire side after 
separation. Further examination of the sapphire and metal wafer revealed that an epitaxial film 
with an approximate thickness of 0.77 µm was left on the sapphire side, and a layer with a 
thickness of 1.03 µm was left on the metal side; micrographs of these films are presented in 
Fig. 4.5 (b) and (c), respectively with their schematic structures inset. Fig. 4.5 (d) depicts the 
thickness measurement taken before processing, which shows that the total film thickness is 
about 1.77 µm with excellent uniformity (4.23%). Given the position of the SLS in the layers, 
these data suggest that the separation occurred at the SLS. Indicating that the thin GaN layers 
were of appropriate thickness and composition to absorb the UV laser energy to allow LLO 
processing, which is later confirmed by TEM. TEM also revealed that only a single SLS pair 
was used for LLO, indicating that fewer pairs could be used without risking process safety.  
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After LLO processing, the wafer was cleaned with HCl to remove any remaining metal 
droplets and reveal the underlying surface morphology. Micrographs of the device at the n-face 
of the vertical device where LLO took place pre- and post-LLO treatment cleaning are 
presented in Figs. 4.6 (a) and (b), respectively.  
 
Figure 4.6 SEM micrographs of the wafer surface (a) Pre-HCl cleaning the N surface post-LLO 
treatment and (b) post-HCl cleaning of the N surface post-LLO treatment with cross-section 
schematics inset. Examples of (c) successful LLO and (d) failed LLO. 
 
Fig. 4.6 (a) shows the surface with gallium metal droplets and the dark features are n-
Al0.7Ga0.3N post HCl cleaning, Fig. 4.6 (b) shows the same sample with gallium droplets 
removed revealing a smooth n-Al0.7Ga0.3N surface remaining intact and smooth compared with 
the wafer surface before treatment. Furthermore, no obvious cracks and fissures were observed 
on the treated surface. Insets in these figures are schematic draws of a cross-section of the 
sample. Figs. 4.6 (c) and (d) show the difference between a good LLO surface and a cracked 
device induced by LLO; the cracked surface is easily observed under low magnification. 
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Approximate percentage of cracked devices per wafer was <.001% with no special treatments 
or epoxy needed. 
 The HAADF STEM images of the cross section of MQW and SLS in the post-LLO 
LED structure are shown in Figs. 4.7 (a) and (b), respectively. HAADF STEM imaging enables 
large contrast difference between the materials with different masses, allowing identification 
of layers by composition.  
 
Figure 4.7 The HAADF STEM images of the cross section of the (a) active region and (b) SLS in 
the post-LLO LED structure. 
 
In Fig. 4.7 (a), bright narrower stripes correspond to Al0.55Ga0.45N layers, while dark wider 
stripes correspond to Al0.7Ga0.3N layers in MQW. In Fig. 4.7 (b), bright narrower stripes 
correspond to GaN layers, while dark wider stripes correspond to Al0.7Ga0.3N layers in SLS. It 
is also confirmed that the designed structure is as expected based on our growth conditions of 
our MOVPE system. The HAADF STEM images also reveal that separation occurred using a 
single layer of the SLS system for LLO and that the surface and MQW structure remained 
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intact and undamaged by the laser. The lack of noticeable damage to the MQW would indicate 
that the SLS was able to absorb all the laser photonic energy successfully and lack of 
decomposition in the SLS layers indicate no photons could pass through the device to influence 
the MQW. 
The weak beam dark field images of the cross section of the post-LLO LED are shown 
in Figs 4.8 (a) and (b).  
 
Fig 4.8 The weak beam dark field images of the cross section of the post-LLO LED with (a) g= 
(11-20) and (b) g= (0002). 
 
In Fig.4.8 (a) Burgers vector of (11-20) was used while that of (0002) was used in Fig. 4.8 (b). 
From this Burger vector analysis, line defects threading toward the growing direction observed 
in Fig. 4.8 (a) are not observed significantly in Fig. 4.8 (b). This result confirms that these line 
defects are threading dislocations. Similarly, a loop-shaped defect is noted in the center of 
Figure 4.8 (b) while it cannot be seen in Figure 4.8 (a). This result also confirms that this defect 
is a screw dislocation. From this, we can conclude that the LED and wafer are undamaged by 
the LLO and that this system enables LLO to work smoothly without structural damage. LED 
epitaxial structure was grown on the LLO template system to demonstrate that LLO could be 
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safely conducted. In the TEM micrographs, it can be observed that no new dislocations are 
being introduced by the SLS layers. The SLS layers typically have the effect of bending 
dislocations and not introducing significant numbers of new ones simply by inserting them. [14, 
24-30] By using thicker layers of Al0.7Ga0.3N and keeping GaN as thin as possible in the 
GaN/Al0.7Ga0.3N SLS, the overall lattice constant in the SLS layers approach a value nearly 
matching n-Al0.7Ga0.3N minimizing the introduction of new defects due to critical thickness 
and lattice mismatch related issues. From TEM we can observe that most of the 20 SLS pairs 
that were inserted into the structure are intact, meaning that it can be concluded that it is safe 
to reduce the number of pairs for the LLO process, however, even with 20 SLS pairs, high 
quality, crack free surface was obtainable. 
4.4 Device Issues 
 The vertical LED device was not able to achieve emission. However, the lateral LEDs, 
using the same epitaxial structure as the vertical LEDs, were able to reach emission ranging 
from 252-266 nm. Fig. 4.9 (a) is a sample of the emission spectrum with (b) schematic of a 
lateral device. 
 
 
Figure 4.9 (a) El spectrum and micrograph of a lateral UVC LED with inset and (b) device 
structure. 
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This device had the superlattice intact and was able to emit UVC emission, which indicates 
something went wrong in the vertical LED processing, though LLO was successful. LLO-
induced catastrophic physical damage (no emission) is very evident in almost all forms of 
visual inspection. In OM, SEM, and TEM the damage would be obvious. Fig. 4.10 is an 
example of an LLO damaged LED. 
 
Figure 4.10 Micrographs of various magnifications of LLO-induced physical damage. 
 
Damage to the quantum well would be evident if the laser were absorbed by the MQW in TEM. 
Unfortunately, when the UVC LED structure was selected, no consideration for the 
vertical device was made as it was based on a lateral UVC LED structure. Vertical LED 
epitaxial structures tend to be significantly thicker (typically between 6-10 µm) than lateral 
devices to aid in handling and stresses from bonding to carrier substrates or transfer substrates. 
The total UVC LED epitaxial structure grown in this work, including buffer and SLS layers, 
totaled approximately 1.77 µm. By not optimizing the thickness of the UVC LED structure 
epitaxy, the thermal damage from the laser may have cause loss of emission. Wong et al. did a 
72 
 
computational simulation using COSMOS/M® for calculating the thermal profile resulting 
from LLO heating on the device. [31,32] Fig 4.11 has two profiles for different laser energies.  
 
Figure 4.11 Thermal profiles are arising out of LLO heating as a function of depth and time. 
[31,32] 
 
These profiles are for 600 and 400 mJ/cm2 laser fluence, however, in this work, a laser fluence 
of 1 J/cm2 was used making these thermal profiles potentially lower temperatures than what 
the vertical UVC LED may have experienced. In our device, the MQW is approximately 710 
nm from the interface of where LLO occurred. Similarly, the p-contact layers are 
approximately 863 nm from the interface where LLO occurred. At this distance, using the laser 
fluence at 600 or 400 mJ/cm2 as a model, these regions would experience temperatures between 
400-500ºC. At these temperatures, the MQW would be unaffected, however, when bonded to 
metal, the thermal mismatches could cause damage due to wafer bowing and delamination at 
the epitaxial and metal interface.  
 An experiment was conducted taking vertical UVA LEDs built using a well-known 
manufacturer’s LEDs. The process structure is the same as our vertical UVC LED, but the 
epitaxial structure is their UVA LED structure. These devices were heated to 330ºC for 1 hour, 
then cooled and emission recorded. This process was repeated adding 10ºC each time. 
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However, the LEDs were only put in the oven for 1 second, then cooled and emission was 
recorded. The heating was repeated until the first sign of change in emission behavior. At 350 
ºC the first signs of failure began to appear, visible by a loss of part of the emission pattern. 
This phenomenon is believed to have been caused by damage related to thermal mismatches in 
the device causing delamination of the contacts from the epi surface, mirror metal migration or 
possible strain damage to the MQW from the thermal mismatch between the metals and the 
epitaxial films. [33] The resulting change in emission pattern is shown in Fig 4.12. It is hard to 
capture the actual image because digital cameras are perhaps more sensitive, however, in 
person, the device on the right is only half lit. 
 
Figure 4.12 Change in emission pattern of commercial vertical UVA LED chips. The failure 
occurred at 350 ºC. 
 
 Another possible reason for the lack of emission from the vertical chip may be related 
to the copper substrate. Fig. 4.13 is the SIMS profile taken from the center of a vertical UVC 
LED. 
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Figure 4.13 SIMS profile for vertical UVC LED taken at the center of the device. 
 
From the SIMS profile, copper contamination is found on the surface of the LED and diffused 
into the n-Al0.7Ga0.3N as well as into some of the p-layers and electron blocking layer (EBL). 
Given the location of where the SIMS data was taken (center of a chip), it is unknown if there 
was sidewall contamination as well, but it is likely. If there were copper on the sidewalls, there 
would be a significant short that could potentially prevent EL, and give the appearance of a 
low forward voltage for the device. However, the most significant finding from SIMS analysis 
is the presence of copper in at the area of highest magnesium concentration. This layer is the 
p-AlXGa1-XN layers are where the holes are generated for recombination. If copper is present 
here, as it is in the SIMS, then electron-holes pairs will not be significantly generated, and EL 
most defiantly will not be possible. The presence of copper in the EBL would prevent emission 
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and allow electrons to have a direct path to the copper substrate, resulting in little or no 
recombination.  
Fig. 4.14 is micrographs of the p-contact layer for high-quality UVC LED grown on 
AlN and the p-contact of the devices grown in this study on sapphire for comparison. 
 
Figure 4.14 Micrographs of p-contact layers of (a) AlN and (b) sapphire-based LED growths.  
 
From the micrographs in Fig. 4.14, it is evident that the quality of the film on AlN is less pitted 
than the film on sapphire. However, they are both comparable. It is expected that the films 
grown on AlN would be better than sapphire based on the ability to grow on a matched substrate. 
In UVC LED growth, the p-layers tend to grow almost entirely relaxed by the time growth is 
completed. In the best cases, the layers tend to be heavily pitted, even when growing on AlN 
substrates. In the worst cases, this will cause cracking of the p-side. If there are significant 
defects on this side of the wafer, it is entirely possible that Cu would diffuse at an accelerated 
rate with the introduction of any additional energy, such as heat or electricity. However, if 
Wong et al.’s models are correct, this interface would have experienced temperatures between 
400-500 ºC. The heating could explain why there is Cu found in the so far into the p-layers and 
potentially preventing hole generation and emission from occurring. The quality of the P-
contact layers is a significant challenge that is being investigated by groups around the world 
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and has been identified as a key challenge for UVC LED technology today.  
4.5 Conclusion 
Using XRD, the inserted GaN/Al0.7Ga0.3N SLS system showed little impact on the 
quality of the crystal system, however, the introduction of this system allowed for the 
absorption of the laser to enable LLO processing to take place, due to the inclusion of GaN 
into the system. The Al0.7Ga0.3N increased the layer’s lattice constant enough to help bend 
and prevent the introduction of additional dislocation systems. Additionally, the Al0.7Ga0.3N 
cannot be broken down by the laser, thus preventing Al droplets which make separation 
difficult.  
SEM and TEM micrographs demonstrated that LLO indeed took place at the SLS, 
surprisingly, only one pair of SLS was sacrificed by this system for LLO to take place, 
meaning fewer than 20 SLS pairs could be used safely.  
 Lateral UVC LEDs using the GaN/Al0.7Ga0.3N SLS system were able to emit UVC 
photons ranging from 252-266 nm. However, the vertical UVC LEDs could not. No physical 
damage was found to the device resulting from LLO. However, there are two possible 
explanations for the lack of EL emission. Due to how thin the epitaxial layers were grown 
and distance from the interface where LLO occurred, the device could have experienced 
temperatures between 400-500 ºC at the MQW and p-contact layers. This heat could cause 
diffusion or delamination issues for metal contacts but should not harm the MQW. 
Experimentally, it has been shown to cause emission related issues in vertical UVA LEDs 
when the whole device reaches 350 ºC. SIMS analysis revealed the second explanation; there 
was significant Cu diffusion into the p-contact. Copper present in this layer would almost 
certainly influence hole generation and prevent EL emission from occurring. This is 
supported by the quality of p-contact typically found on UVC LED devices, often heavily 
pitted due to strain relaxing.  
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Using the GaN/Al0.7Ga0.3N SLS system, it was possible to obtain clean, smooth 
surfaces after LLO without the introduction of epoxy or other special processing techniques 
to ensure a high-quality LLO of the substrate system. Additionally, the removal of the 
substrate allows all traces of the SLS to be removed ensuring no GaN is left in the emission 
surface. Furthermore, this system is demonstrated to enable full 2” wafer level LLO instead 
of chip or pixel LLO seen in literature. The SLS presented in this work represents a 
technology can help enable the mass production of UVC vertical LEDs in the future.  
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Chapter 5: Conclusion and Outlook 
  The path to development of a vertical UVC LED is a major step to the adoption of a 
life changing and lifesaving technology with direct impact to everyone on this planet. 
Vertical UVC LEDs are very challenging to produce, however, by studying MOVPE growth 
and laser lift-off processing for use in fabrication of III-nitride vertical UVC LEDs, we make 
a major step toward the goal of realizing vertical UVC LEDs. By determining if it is possible 
to conduct laser lift-off processing on a wafer level with UVC based structures, without the 
aid of specialty processes such as epoxy underfills and trenching or patterning substrates, 
significant steps toward vertical UVC LED development are made. Being able to successfully 
lift off the substrate without having to do any special treatments or costly processing would 
make UVC LEDs ready for mass production. Mass production would reduce their cost and 
speed up their mass market appeal to applications that save lives, such as water sterilization 
and disease control, can be realized.  
 It is evident that the current research working toward the development of vertical 
UVC LEDs is currently minuscule. Most research on the topic of vertical DUV LEDs is 
focused on UVB wavelengths. Many groups seem to stop at 280 nm because growth and 
LLO below 280 nm have proven very challenging. Introducing sacrificial films make these 
cracking issues worse and make growth even more challenging due to lattice mismatch and 
strain management concerns. Ultimately, this would cause a degradation of crystal quality 
that would lead to defects, or strain relaxation and ultimately cracking.  
 GaN has critical thickness related issues leading to defects and cracking when grown 
with AlN or Al0.7Ga0.3N films. By studying of MOVPE growth of these films and optimizing 
MOVPE growth helped mitigate these problems. Employing techniques such as pulse-flow 
growth and V/III ratio adjustment, both the reactor limitations and material challenges were 
kept to a minimum. By performing experiments based on various LLO systems developed for 
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UVB, information useful for the design of a sacrificial film gathered. From this, a sacrificial 
film comprised of 20 GaN/Al0.7Ga0.3N strained layered superlattices at 2/5 nm respectively 
were grown. Total GaN thickness was 40 nm. 
 The GaN/Al0.7Ga0.3N SLS was inserted into a template structure and later a UVC 
LED structure, and no degradation of crystal quality was encountered. LLO was carried out 
on the 2” wafer and wafer scale LLO was achieved. There were no LLO related defects or 
cracking found in the epitaxial structure as confirmed by SEM and TEM. TEM analysis 
showed that the SLS had an added benefit of blocking some defects from propagating into the 
n-Al0.7Ga0.3N and that a single pair of SLS was needed for successful LLO. Despite this, 
using 20 pairs of SLS high quality, crack free surface was obtainable.  
The vertical LED device was not able to achieve emission. However, the lateral 
LEDs, using the same epitaxial structure as the vertical LEDs, were able to produce emission 
ranging from 252-266 nm. The lack of emission from the vertical LED could have been 
related to LLO heating resulting from growing the epitaxial layer too thin. SIMS showed that 
copper had diffused into the p-contact layers which would prevent electron-hole 
recombination. Given the low quality of p-layers typical in UVC LED growth, it is not 
surprising that Cu may migrate into this layer. Additionally, copper on the sidewalls may 
contribute to the lack of EL as well.  
There is much work that could be done not only to improve on this work but also to 
attempt to recover UVC emission from the vertical LED. For example, the n-Al0.7Ga0.3N 
could be grown thicker, and more GaN/Al0.7Ga0.3N SLS pairs could be grown. Study and 
development of better p-layer structures could prevent the Cu diffusion into the p-contact, or 
the chip process could be optimized for the development of vertical UVC LEDs and avoid 
this migration by employing barrier metals that would prevent migration. 
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As mentioned previously, UVC compatible LLO is very challenging because of 
material incompatibilities and growth quality related issues. In this work, a film was 
introduced into a UVC LED stack without significant defectivity propagation. Full wafer 
level LLO without damaging the LED epitaxial layers was demonstrated. Using the 
GaN/Al0.7Ga0.3N SLS system, it was possible to obtain clean, smooth surfaces after LLO 
without the introduction of epoxy or other special processing techniques to ensure a high-
quality lift-off of the substrate system. By using such thin layers, a quick dry etch can remove 
all the GaN from the system, which if left intact would absorb UVC energy.  
These developments are a major step not only for vertical UVC LEDs but it is useful 
for other devices and technologies as well. Since the GaN/Al0.7Ga0.3N SLS can be 
successfully used with AlN, this sacrificial layer can be utilized for devices such as 
photodetectors, HMET, and power devices. There are implications of this technology and 
concepts that can be applied to all sorts of technology in the future; from health and medical 
to military and communications applications. Being able to execute LLO with AlN and high 
Al-containing AlXGa1-XN can have a major impact on the quality of life for many people.  
This study on MOVPE growth and laser lift-off process for fabrication of III-nitride 
vertical UVC LEDs will add to the body of work and spark interest in this topic. This work 
should be continued, and others can use this work to further LLO of AlN and AlXGa1-XN 
based materials for other applications and technologies. The work has shown that it is 
possible to conduct high-quality laser lift-off processing on a wafer level with UVC based 
structures without damaging the surfaces. This study opens the door to many types of 
substrate lifted Al-rich wide bandgap III-nitride films, representing potentially a significant 
contribution to the science of Al-rich III-N devices, by demonstrating full wafer LLO of a 
UVC compatible LED structure. 
